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ABSTRACT
Water quality management is the most significant environmental activity today. Water quality indicators were
estimated according to classification, where the integration
of water quality parameters and Water Quality Regulations
were taken into consideration. In this paper, the concept of
a fuzzy set theory has been applied for decision making
about upgrading wastewater treatment process in Split.
Presented data, obtained from the laboratory of the City
municipal services managing drainage and primary treatment of wastewater, is referred to the three locations during
two years. Based on the fuzzy set rules, that represent water
quality after primary treatment via linguistic terms, the
degrees of membership were computed from the Gauss
curve. Water quality, at one location, was estimated as
„good“ with the highest degree of membership of 0.476,
while at the other two locations, regarding to highest degrees of membership (0.981 and 0.351), water quality was
estimated as „fair“. Obtained results can be used in selection of potential locations for upgrade of primary
wastewater treatment.
KEYWORDS: water quality, fuzzy logic, linguistic terms, fuzzy
number, degree of membership

1. INTRODUCTION
Environmental indices rarely have much significance
by themselves. Knowing that a variable like pollutant concentration or soil acidity has a specific value is usually
meaningful only in the context of the knowledge of natural background levels, regulatory policy, and the vulnerability of key environmental components [1]. Water quality
management is an environmental management problem that
has been considered as a single objective optimization
problem since the mid 1960s. The primary objective considers either the treatment cost of wastewater or waste
* Corresponding author

assimilative capacity. In recent decades, increasing environmental concerns and the emphasis on total maximum
daily load (TMDL) control have gradually changed the
orientation in the system analyses of water quality management [2].
Decision-making in environmental projects is typically
a complex task, characterized by trade offs between environmental, socio-political and economic impacts. Considerable research in the area of multi-criteria decision analysis
has made available practical methods for applying scientific
decision theoretical approach to multi-criteria problems.
The problems associated with water quality in coastal
areas are of growing concern since the increase of pollution in these areas may have serious environmental consequences [3]. Therefore, it is important that the quality of
municipal wastewater discharged into the sea is in accordance to Water Quality Regulation, which insures a
protection of human health and environment.
An urban wastewater system (WWS) is constituted of
three main components: the sewer system, the wastewater
treatment plant (WWTP) and the receiving waters. Most
of the sewer systems are combined ones collecting both
wastewater and rainfall runoff from the nearby drainage
area (catchments). The rainfall runoff contribution results,
especially during wet weather conditions, in problems of
both the WWTP and the sewer system itself [4]. Consequently, these systems are in dynamic and unstable state, so
multivariable models and multivariate statistical techniques
(e.g. principal component and factor analysis, cluster analysis and discriminant analysis) are needed for definition
and classification of water quality [5, 6].
Conventional water quality regulations include quality
classes which use crisp sets, and the limits between different classes are inherently imprecise. This classification technique may cause a rough and imprecise approach for data
access, and each quality parameter may belong to the one
of the classes, i.e. all parameters cannot be included in one
class.
Wastewater quality problems are characterized by a
great degree of complexity, due to different structures and
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formats of ecological data. Also, these data are characterized by significant uncertainty due to incomplete data, inaccurate data, approximate estimations and incomparability of data. Linear multivariable models, for these dynamic
systems, do not provide good results and modeling is
mainly performed by non-linear multivariate methods, by
computational intelligence, such as neural networks and
fuzzy logic. The idea of applying fuzzy logic technique to
an integrated WWS is promising because the involved
systems are characterized by their own variables, threshold
concentrations, processes and component descriptions. The
possibility of correlating the systems to each other through
simple rules and fuzzy sets appears to be the only way to
easily and efficiently control an integrated system [4].
Fuzzy logic can be viewed as a language that allows
one to translate sophisticated statements from natural language into a mathematical formalism [7]. It can deal with
highly variable, linguistic, vague and uncertain data or
knowledge and, therefore, has the ability to allow for a logical, reliable and transparent information stream from data
collection to data usage in environmental applications [8].
Fuzzy logic could be applied for the development of
environmental indices in a manner that solves several
common problems, including the incompatibility of observations and the need for implicit value judgments. Fuzzy
synthetic evaluation generally uses a numeric scale to
represent water quality, and provides an alternative methodology for aggregating the values of the parameters to
various quality features that have been studied and used in
environmental quality evaluations since the 1990s [7, 9,

10]. In this paper, the quality of primary treated urban
wastewater, discharged at three locations into the Adriatic
Sea, is described using fuzzy logic. Fuzzy set theory, which
can be used in decision process concerning improving wastewater treatment process in Split, was applied. The membership functions of quality parameters and fuzzy rule bases
were defined, and then fuzzy toolbox of MATLAB package was used. Water quality parameters, from three locations, were obtained with the fuzzy logic. Decisions for
improving the wastewater treatment process in Split were
made by using the water quality parameters (at three locations) obtained with the fuzzy logic. The main reason for
applying fuzzy modeling, in the field of water management decision supporting, is ability of expert knowledge
integration, which is mainly structured by means of linguistic expressions. This describing of the pollutant levels
in wastewater (mainly originating from domestic and
industrial activities in wider area of Split, including their
seasonal variations) can facilitate selection of type and
design of the WWTP. Sewage composition and its variability during the year significantly determine the efficiency of the biological process-based WWTP.
2. MATERIALS AND METHODS
2.1. Case study area

The city of Split is placed in the warmest region of
the northern Mediterranean coast, in the centre of the
Adriatic eastern coast, and it is in the immediate vicinity

FIGURE 1 - The area with indicated locations of sampling.

1713

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

of the rivers Jadro and Žrnovnica, which have been watering it for 1700 years. Its mild climate, with 2700 sunny
hours per year, makes it an oasis where, sheltered from
the wind, one can enjoy the sun even in wintertime. Also,
Split is the industrial, university, and business centre of
the region with its population of about 200,000. Its sewer
system was established by Emperor Diocletian, renovated
during 1860, and remained functional until nowadays.
Sewer system has two main basins collecting wastewater.
South basin collects wastewater from eastern and western
part of town, while north basin collects wastewater from
the northern part of Split. This basin is characterized by
three major collectors from all over the secondary sewage
network. Through these collectors, the wastewater is brought
to a mechanical device. After mechanical (primary) treatment (which includes separation of sand, grease and oil),
water is discharged into the Brač Channel.
2.2. System based on fuzzy logic

Fuzzy set theory has been developed for modeling a
complex system in uncertain and imprecise environment
[11]. The above model is used today in a wide range of
industrial and scientific applications [4, 7, 8, 12-14]. Fuzzy
logic can be explained by using fuzzy sets. Fuzzy set is an
upgrade of the classic set and defined as follows:

A = {x, µ A (A) x ∈ X

}

(1)

where, µA (x) is membership function of x in A. A
membership function transfers each element belonging to
X to the value between 0 and 1 [15]. Fuzzy logic is very
similar to human interpretation (using speech (words)) of
certain things or phenomena in nature. The term water
quality, or "very good" water quality, in the classical
sense, would require strictly a boundary below which the
water does not fall into the category of "good quality".
Using fuzzy approach, the above-mentioned limitation
can be overcome, but transition from a lie to the truth is
gradual, and it is defined by the membership functions.
There are a number of membership functions (mfi) that
can be used, and in this paper, Gaussian function curve is
defined by the following function (2):
σi > 0
−( x −c ) ⎧
(2)
⎪
mf i (x; σ i ; ci ) = e 2σ ⎨e ≈ 2.71323182
i
2
i

2

⎪
⎩

i = 1,2,3,....

f (x)
FWHM
fmax
1/2 * fmax

x1
FIGURE 2 - Gaussian function (

x2
defines FWHM).

three locations. Daily parameters of quality wastewater
(from three drainage locations): pH, biological oxygen
demand (BOD5), chemical oxygen demand (COD), total
nitrogen (Ntot), total phosphorus (Ptot), and suspended solids
(TSS), were included in the dataset. These samples have
been collected during 2006 and 2007, along the length of
10 km of the coast (Fig. 1). Laboratory of the City municipal services, which manages drainage and primary treatment wastewater on wider area of Split, provided a data set
of daily parameters. All measured parameters were determined according to standard methods for water and
wastewater examination.
2.3.1. Multiple regression analysis

Two empirical models for the description of pollution
indicators were established, multiple linear regression
model (MLR) with 9 predictor variables and piecewise
linear regression model (PLR) with 9 predictor variables.
The development of the models is based on the statistical
analysis of experimental data, which are used to determine
the relations among individual variables. Statistical analysis was carried out using the Statistica software. The Pearson’s product momentum correlation coefficient (r) was
used to estimate linear estimations. Correlations are considered to be statistically significant at the 95% confidence
interval (p < 0.05). The general purpose of multiple regression is to quantify the relationship between several
independent or predictor variables, and a dependent or
criterion variable. In general, multiple regression procedures will estimate a linear equation of the form:

y = b0 + b1 ⋅ x1 + b2 ⋅ x2 + ......... + bk ⋅ xk

lim mf i = 0

x→±∞

Parameter c is the mean, and best described as value
of x that represents maximum of Gaussian membership
function. Parameter σi2 is the variance, and it defines the
full width at half maximum (FWHM) of the Gaussian
function (Fig. 2), or, in other words, it defines two inflection points of the Gaussian function, positioned at

x_ = ci - σi and x+ = ci - σi.
2.3. Methodology

Wastewater quality parameters were collected from
wide area of Split, during continuous measurements at

x

(3)

where, k is the number of predictors. Note that, in this
equation, the regression coefficients (or b1 … bk coefficients) represent the independent contributions of each
independent variable to the prediction of the dependent
variable. These models are developed with the aim to predict COD and BOD value as level of pollutants on three
location of the effluent wastewater after primary treatment.
Since the data obtained had multivariate nature and
several of the variables were correlated, multivariate statistical data analysis methods were used for the interpretation
of the data.
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2.3.2. Fuzzy logic analysis

Wastewater quality parameters are presented as linguistic rules using fuzzy logic. Standard logical operators
and operator implementation functions were used (min,
max, etc). Also, centroid method, for the process of defuzzification, was used. With the help of these logical
operators, the rules are created in the form: IF x is A, and
y is B, THEN z is C. Relationship between two randomly
chosen system parameters (COD and BOD5) and the overall water quality is shown in Fig. 3. This figure reveals how
the combination of those two parameters affects at the
output (the water quality itself).

If pH is "very good" and SS, BOD5 or COD, total N
or total P is "good", then the water status is "good". The
degree of membership of each classification rule indicates
the certainty value of classification, and one example for
BOD5 parameter can be seen on Fig. 5.
TABLE 1 - Limit values for each parameter according to EU and
Croatian Regulations.
Parameters
pH
Suspended
solids
Biochemical
Oxygen Demand
( BOD5)
Chemical Oxygen
Demand
(COD)
Total Phosporus
(Ptot)
Total Nitrogen
( Ntot)

Referential values
EU Regulations

Referential values
Croatian Regulations

6.5--9.5

6.5--9.5

60 mg/L

35--150 mg/L

40 mg O2/L

40--250 mg/L

125 mg O2/L

125--700 mg/L

2 mg P/L

1--10 mg/L

10--15 mg N/L

10--15 mg/L

WQ
Parameter

Category

WQ in Linguistic
Terms With degree
of membership

pH

Final
Decision

Very good

BOD5
Good
COD

FIGURE 3 - Water quality as a function of COD and BOD5.

Biochem.

WQ

Decision
Fair

Ptot

Although, at first sight, the plot seems to be symmetric, a closer look reveals that mathematical description of
this plot would require a great effort and skill. On the other
hand, fuzzy approach, as input, has several “IF … then ...
ELSE” rules which result in a graph similar to this one.
Maintenance of the algorithm is simplified as well, as simple change of “IF … then ... ELSE” rule can change the
graph significantly.

Susp. solid

1.0

memebership function µ

Set of fuzzy rules was designed for the classification
of urban water quality as very good, good and poor, according to the data sets of 6 parameters. Hierarchical structure for classification of water was made based on specific
rules and can be seen on Fig. 4. The chemical conditions
of water were evaluated as the first hierarchical level of
the scientific base.

Based on the Regulations of the limit values and other
hazardous substances in the wastewater (see Table 1), we
have made quite a number of fuzzy rules such as:

Physical

FIGURE 4 - Hierarchical structures for water quality classification.

Similar graphs can be drawn for all the other combinations of input data, showing how they affect the overall
water quality. Those graphs may be more or less symmetrical or completely asymmetrical.

The second hierarchical level is the chemical and physical status of water, in order to determine the assessment of
water quality. Similar structure for water quality classification has been described in earlier publications [16].

Poor

Ntot

0.8
0.6
0.4
0.2
0.0
0

100

200

mg O2 / dm

300

400

3

FIGURE 5 - Degree of membership from the data for BOD5 linguistically termed as “good” (sample location 1).

The higher degree of membership leads to the better
possibility of water classification into a certain class. For
determination of the hierarchical structure and the fuzzy
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description of water quality, the rules were processed using
the assumptions and disjunction of operator. Optimal acceptance strategy was for those showing a maximum degree
of a membership. The membership functions of quality
parameters and fuzzy rule bases were defined, and then
fuzzy toolbox of MATLAB package was used.
3. RESULTS AND DISCUSSION
Information on the status and changing trends in the
quality of the environment is essential for reaching the
public and more efficient implementation of programs to
prevent environmental pollution. In this context, the requirements for water quality have an important role and,
therefore, based on data set of daily measurement parameters of the composition of wastewater from the three
drainage systems in the city of Split was described using
fuzzy logic. Fuzzy set theory, which can be used in selection of the process for upgrading wastewater treatment in
Split, was applied. This way of pollutants levels describing in wastewater (originating from domestic and industrial activities in wider area of Split, and their seasonal
variations) can be useful in selection of type and design of
the WWTP. The average values and standard deviations
of 6 measured parameters at 3 locations during 2006 and
2007 are shown in Table 2.
The experimental data collected during these two
years show that the highest average values were recorded
mainly at the 3rd location. All the reported values, except
for pH, were above the prescribed Regulations (Table 1),
and conclusion is that water of such quality is not suitable
for discharging into the natural recipient and that additional processing is needed. Therefore, for obtaining water quality index, it is necessary to take into account all
measured parameters and methods of their obtaining. Two
empirical models for the description of pollution indicators were established, multiple linear regression model
(MLR) with 9 predictor variables and piecewise linear
regression model (PLR) with 9 predictor variables. These
models are developed with the aim to predict COD (Fig. 6)
and BOD (Fig. 7) values as level of pollutants at 3 locations of the effluent wastewater after primary treatment,

the obtained average errors of multiple linear regression
model about 90 mg O2 L-1, and the average error of
piecewise linear regression model about 40 mg O2 L-1. On
all locations, systems were nonlinear, and even though
more intricate models like artificial intelligence (Neural Network and Fuzzy Logic) are used to describe such a complex system, it can be concluded that even such a simple
model like PLR can present the complexity and dynamics
of this system with acceptable success.
Different types of measured errors were involved in a
variety of experimental measurement processes and proper
sampling, sample storage, processing and analysis. The sets
of the monitored data and limits are shown as a fuzzy set.
One way, for avoiding of difficulty in the water quality
assessment, is to introduce a margin of safety or degree of
precaution before applying a single value to water quality
standards, as the same technique was also used by other
workers in the field of environmental science [17].
Modeling of uncertainty in our scientific perception,
using fuzzy sets/fuzzy numbers, and uncertainty with the
obtained data of the parameters that affect the quality of
these waters, was expressed in the fuzzy number. Construction of a fuzzy number or fuzzy sets for modeling of
the perception of the experts in classifying each parametric domain in linguistic terms, such as very good, good,
fair and poor, allows for the reference to all possible parametric values to be described.
The obtained data for certain parameters are expressed
in degrees of membership. In order to accurately determine
the degree of water quality membership, a Gaussian curve
function was obtained using interactive programming
language MATLAB for matrix calculations.
Water quality, for which degree of membership is the
highest, is considered to represent the quality of the water
sample. The results of each individual parameter for field
testing are presented in the following tables. From Table 3,
related to Location 1, it can be seen that the degree of
membership for water quality was categorized as "very
good" due to the pH, and the degree of membership for
water quality was categorized as “fair” with regard to SS.
However, if other parameters listed in this table are considered in the same way, it can be concluded that the
overall water quality at location 1 is "good".

TABLE 2 - Annual average values ± standard deviations for specific parameters.
Parameter
pH
Suspended
solids (SS)
(mg/L)
COD
(mg O2/L)
BOD5
(mg O2/L)
Ptot
(mg/L)
Ntot
(mg/L)

Location 1
2006
7.80±2.23

2007
7.83±0.23

Location 2
2006
7.94±0.27

2007
8.04±0.28

Location 3
2006
7.67±0.28

2007
7.55±0.27

222.32±150.46

215.31±91.05

263.33±189.37

314.80±107.05

363.19±146.27

288.24±110.42

284.76±106.24

360.37±112.02

392.08±141.97

445.41±147.43

577.98±218.41

495.70±218.17

155.68±38.97

172.26±42

226.96±87.90

251.77±72.51

389.77±109.67

317.83±131.06

10.00±4.13

9.07±1.79

11.51±2.18

10.69±1.77

10.92±2.32

11.21±1.75

33.33±13.45

44.44±17.73

32.89±12.19

44.96±17.21

32.86±14.16

45.70±17.98
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FIGURE 6 - Experimental COD values and prediction of COD values of effluents of wastewater after primary treatment on three locations,
obtained by PLR and MLR models with 9 predictor variables.

FIGURE 7 - Experimental BOD values and prediction of BOD values of effluents of wastewater after primary treatment on three locations,
obtained by PLR and MLR models with 9 predictor variables.
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TABLE 3 - Water quality regarding different parameters using fuzzy logic for Location 1.
2006
Quality
Parameter

Very
Good

Good

Fair

Poor

Water
Quality

2007
Very
Good

pH

1.00

0.00

0.00

0.00

Very good

0.97
0.39
0.00
0.28

0.00
0.37
0.12
0.11

0.00
0.00
0.55
0.04

0.00

0.71

0.03

BOD5
0.00
COD
0.00
Ntot
0.00
Ptot
0.00
Susp. Solids
0.00
(SS)
Overall Water Quality

Good

Fair

Poor

1.00

0.00

0.00

0.00

Good
Good
Poor
Good

0.00
0.00
0.00
0.00

0.91
0.08
0.00
0.52

0.00
0.61
0.19
0.03

0.00
0.00
0.46
0.03

Water
Quality
Very
Good
Good
Fair
Poor
Good

Fair

0.00

0.00

0.75

0.02

Fair

Good

Overall Water Quality

Good

TABLE 4 - Water quality regarding different parameters using fuzzy logic for Location 2.
2006
Quality
Parameter

Very
Good

Good

Fair

Poor

Water
Quality

2007
Very
Good

pH

1.00

0.00

0.00

0.00

Very good

0.38
0.01
0.00
0.08

0.05
0.78
0.14
0.72

0.00
0.00
0.52
0.10

0.00

0.09

0.48

BOD5
0.00
COD
0.00
Ntot
0.00
Ptot
0.00
Susp.
0.00
Solids (SS)
Overall Water Quality

Good

Fair

Poor

1.00

0.00

0.00

0.00

Good
Fair
Poor
Fair

0.00
0.00
0.00
0.00

0.19
0.00
0.00
0.21

0.22
0.93
0.00
0.48

0.00
0.01
1.00
0.05

Water
Quality
Very
Good
Fair
Fair
Poor
Fair

Poor

0.00

0.00

0.00

1.00

Poor

Fair

Overall Water Quality

Fair

TABLE 5 - Water quality regarding different parameters using fuzzy logic for Location 3.
2006
Quality
Parameter

Very
Good

Good

Fair

Poor

Water
Quality

2007
Very
Good

Good

Fair

Poor

pH

1.00

0.00

0.00

0.00

Very good

1.00

0.00

0.00

0.00

0.00
0.00
0.00
0.16

0.01
0.91
0.15
0.51

0.93
0.15
0.51
0.06

Good
Fair
Poor
Fair

0.00
0.00
0.00
0.00

0.02
0.00
0.00
0.14

0.63
0.98
0.00
0.49

0.21
0.02
1.00
0.08

Water
Quality
Very
Good
Fair
Fair
Poor
Fair

0.00

0.00

1.00

Poor

0.00

0.00

0.02

0.93

Poor

Fair

Overall Water Quality

Fair

1.0

water quality:
FAIR

0.8
0.6
0.4
0.2
0.0

A
0.0

0.2

0.4

0.6

0.8

1.0

degree of membership

water quality:
GOOD

degree of membership

BOD5
0.00
COD
0.00
Ntot
0.00
Ptot
0.00
Susp.
0.00
Solids (SS)
Overall Water Quality

1.0
0.8
0.6
0.4
0.2
0.0

B
0.0

water quality (output)

0.2

0.4

0.6

0.8

1.0

water quality (output)

FIGURE 8 - An example of determining the water quality: a) water quality - good (Location 1); b) water quality - fair (Locations 2 and 3).

Analyzing the results from Table 4 (Location 2) and
Table 5 (Location 3), it can be observed that the water
quality was "very good" with the greatest degree of membership regarding the pH, but water quality was "poor"

regarding SS and total nitrogen. Furthermore, water quality was “fair” regarding BOD5, COD and total P and, finally, the overall water quality at these two locations was,
linguistically spoken, "fair".
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In this way, we obtained a description of water quality, taking into account all measured parameters, thus
giving us also a clearer inside of water quality at each
location.
Figure 6 represents degrees of membership from the
Gauss curve, for three locations, obtained using
MATLAB programming language according to the hierarchical structure (Fig. 4). On Location 1, water quality
output was between 0.4 – 0.9, which was considered as
"good", but on Locations 2 and 3, water quality output
was between 0.2 – 0.6 and characterized as "fair". Table 6
shows that the processed water quality in these two years
was “good”, with the highest degrees of membership of
0.476 and 0.875 for Location 1, 0.351 and 0.831 for Location 2, and 0.981 and 0.778 for Location 3, which indicates that the overall wastewater quality was ”fair”.
Comparing the experimentally obtained data for individual parameters with the data described using fuzzy
logic, which takes into account all the location parameters,
it is evident that water quality index according to fuzzy
logic rules on Location 1 was "good", and for Locations 2
and 3 was "fair".
TABLE 6 - The fuzzy description of water quality with degree of
membership for all locations and two years.
2006

2007

WQ

Degree of membership
Loc. 1 Loc. 2 Loc. 3

WQ

Degree of membership
Loc. 1 Loc. 2 Loc. 3

Very
Good

0.004

0.000

0.000

Very
Good

0.014

0.000

0.000

Good

0.476

0.000

0.015

Good

0.875

0.001

0.000

Fair

0.174

0.351

0.981

Fair

0.036

0.831

0.778

Poor

0.004

0.237

0.046

Poor

0.001

0.111

0.123

discriminating variables for their diversion to proposed
WWTPs for treatment as well as selection of the appropriate process type. These techniques have proven to be
efficient methods for analyzing large data sets in environmental, chemical, biological and eco-toxicological case
studies. For a more detailed description of the system and
water quality determination, it is necessary to use an advanced modeling technique, such as fuzzy logic, because
quality of primary treated municipal wastewater that was
discharged into the Adriatic Sea at three locations is described using fuzzy logic as a soft computing. Also, fuzzy
set theory was applied in selection of upgrading
wastewater treatment process in Split. The membership
functions of quality parameters and fuzzy rule bases were
defined and, in addition, a fuzzy toolbox of MATLAB
package was used. Municipal wastewater quality index
defines the water quality in linguistic terms, whereas a
fuzzy logic-based approach attaches a certainty value to
different linguistic terms. A water sample can be classified
as very good, good, fair and poor, but with different degrees of membership. The main reason for applying fuzzy
modeling approach in the field of decision supporting
water management regarding these applications is the
ability to integrate expert knowledge, which is mainly
structured by means of linguistic expressions. This description of the pollutants` levels in wastewater, originating
mainly from domestic and industrial activities in the wider
area of Split, and their seasonal variations, may be helpful
in selection of type and design of the proposed process. It
can provide a better representation of a dynamic system,
and it can open a new model for gauging municipal
wastewater quality for specific purposes.
ACKNOWLEDGMENTS

WQ = water quality description

Consequently, wastewater discharged into the natural
recipient at Locations 2 and 3 requires additional treatment, i.e. upgrading of the devices at these locations is
needed. Similar studies related to the application of fuzzy
logic on environmental systems were described in earlier
publications [8, 13, 16-18]. This approach of making decision may be considered as preliminary, because a final
decision, concerning location and upgrade of the WWTP,
must be brought by involving multi-criteria decision analysis [19].
For environmental management projects, this means
involving technical input, such as modeling and/or monitoring, risk analysis, cost-benefit analysis and stake holder’s
preferences.
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ACCUMULATION OF ANTIMONY(III) BY ASPERGILLUS
NIGER AND ITS INFLUENCE ON FUNGAL GROWTH
Pavol Littera, Martin Urík*, Katarína Gardošová, Marek Kolenčík, Peter Matúš and Lucia Kořenková
Comenius University, Faculty of Natural Sciences, Institute of Laboratory
Research on Geomaterials, Mlynská dolina, Bratislava, 842 15, Slovak Republic

ABSTRACT
Accumulation of Sb(III) as antimonyl tartrate by Aspergillus niger strain was examined. The pH value of both
antimony-free and antimony supplemented culture media
declined in the first five days to extremely acidic region
(approximately pH 2) and did not change during the rest
of cultivation period. There were no statistically significant, microbially mediated changes in pH of broth media
supplemented with Sb(III) when compared to antimonyfree control. While the biomass yield of antimony supplemented culture media (upto 100 mg.L-1) during the exponential growth phase was identical to the antimony-free
control, antimonyl tartrate however, had beneficial effect
on fungal growth during the stationary growth phase. According to antimony accumulation results, A. niger strain
efficiently reduced the uptake and enhanced the efflux of
antimony during the first week of cultivation though later
uptake of antimony was enhanced. The results indicate a
relationship between the amount of antimony uptake and
biomass growth at the stationary growth phase. This relates to possible tartrate function as carbon source.

KEYWORDS:
antimonyl tartrate, fungi, bioaccumulation

ble forms, antimony is readily absorbed by plants or fungi
[4]. Therefore, bioaccumulation may be successfully used
to clean up contaminated soils or waters.
Studies on bioaccumulation of antimony have been considered with its distribution in grass foliage [5,6], speciation analysis in freshwater plants [7], biomethylation by
filamentous fungi [8] or accumulation by macrofungi [9].
Study on the kinetics of antimony accumulation by microorganisms, including filamentous fungi has not been cited
elsewhere.
Although it is well known that the fungi show great
capacity to absorb significant amount of metals yet, much
less is known about the bioaccumulation of toxic metals
by viable cells when compared to the other bioremoval processes for the abatement of toxic metal(loid)s in the environment, such as biosorption. Similarly, the fungal interaction with toxic metals, including antimony and the impact of these interactions on mobility of toxic elements in
the environment is usually overlooked. The aim of our study
was to examine fungal accumulation of Sb(III), which is
ten times more toxic than Sb(V) [10], during 30-day cultivation of Aspergillus niger and influence of elevated
antimony on the accumulation of the element by the organism and the growth of the fungus.
2. MATERIALS AND METHODS
2.1. Fungal strain

1. INTRODUCTION
Antimony is a trace element, which is used for improving dozens of industrial and commercial materials. Therefore, large quantities of antimony compounds are released
into the environment due to anthropogenic activities, and
elevated concentrations of antimony in both soil and water
are reported all over the world, especially at mining and
smelting areas [1,2].
Considering antimony as a toxic element and potential human carcinogen [3] there is an urgent need for efficient and environmentally friendly approach for remediation of contaminated sites. When occurring in water solu* Corresponding author

The Aspergillus niger VAN TIEGHEM strain used in this
study was isolated from non-contaminated soil. Readymade potato dextrose agar medium (PDA; Himedia, Mumabi, India) was used to maintain and to propagate the fungal
culture at room temperature. Fungal strain was identified
at the Institute of Preventive and Clinical Medicine (Slovak Medical University, Bratislava) by using standard
identification techniques such as colony morphology and
microscopic examination.
2.2. Reagents and solutions

Stock solution of Sb(III) (1000 mg.L-1) was freshly prepared by dissolving the appropriate amount of potassium
antimonyl tartrate hemihydrate (Centralchem, Bratislava,
Slovakia) in deionized water in 1L glass volumetric flask.
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2.3. Bioaccumulation of antimony

Prior to the bioaccumulation experiment, five milliliter of spore suspension prepared from 14-day old culture
of A. niger was added to 100 mL of aqueous Sabouraud
broth media (SAB; HiMedia, Mumbai, India) supplemented
with 10 or 100 mg.L -1 of Sb(III) in conical flasks. The
antimony-free media inoculated with spore suspension and
fungal-free media supplemented with antimony were used
as control experiments.
On selected days during the 30-day static cultivation
at room temperature, three flasks were randomly selected
from each antimony concentration and control. The fungal
biomass was separated from culture media by filtration on
a 0.45 µm membrane filter, dried at 60°C in an oven until
constant weight and weighed. The pH of the filtrate was
measured and subsequently analyzed for residual antimony concentration electrochemically.
2.4. Determination of antimony

FIGURE 1 - Changes in pH of culture media during the 30-day
cultivation of Aspergillus niger on antimony supplemented or antimony-free media (data represent the average of three independent
experiments; error bars represent standard deviation from three
independent experiments)

Analysis of antimony in culture media were carried
out with a flow electrochemical analyzer EcaFlow 150
GLP (Istran Ltd., Bratislava, Slovakia) equipped with a
microprocessor controlled potentiostat and galvanostat [11].
The carrier electrolyte was prepared by dilution of analytical
grade hydrochloric acid with redistilled water. The detection
limit for this analytical procedure was 0.6 µg.L-1.
3. RESULTS AND DISCUSSION
The pH value of the culture medium significantly affects the fungal growth. Therefore some fungi adjust pH
of the medium by production of specific metabolites to
optimize their environment allowing for better development of the fungi [12]. Fungi generally grow well in acidic
conditions [13]. Similarly, in the present study, the pH
values were found to have been lowered to the acidic
region (to approximately pH 2 in the first five day) during
the culture period in all media examined (Fig. 1).

FIGURE 2 - Changes in dry weight of biomass of Aspergillus niger
during the 30-day cultivation on antimony supplemented or antimony-free media (data represent the average of three independent
experiments; error bars represent standard deviation from three
independent experiments; the asterisks indicate significant differences (p < 0.05) between values of treatment groups)

The pH of the medium may have significant influence
on the toxicity of heavy metals to microorganisms [14].
However, there were no statistically significant, microbially mediated changes in pH of broth media supplemented
with Sb(III) when compared to antimony-free control
(Fig. 1). It could thus be concluded that even at extremely
high Sb(III) concentration (100 mg.L-1) there is no need
for adaption strategy which relates to changes in abiotic
factors of the culture media, such as pH, which was observed in other studies [15,16].
According to Colpaert and van Assche [17] fungal isolates from polluted sites exhibit great tolerance to heavy
metals, whereas the growth of most of the isolates from
non-polluted areas is significantly inhibited. In the present
study, for all the tested antimony concentrations, the growth
rate of A. niger during the exponential growth phase was
found to be identical to the antimony-free control (Fig. 2)
in spite of the high antimony toxicity. It needs to be men-

FIGURE 3 - The amount of accumulated Sb(III) in biomass of
Aspergillus niger during the 30-day cultivation on antimony supplemented culture media (data represent the average of three independent experiments)
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tioned here that the strain used was isolated from nonpolluted soil. Furthermore, antimonyl tartrate had beneficial influence on fungal development at the stationary
growth phase (Fig. 2). There was no extension in lag phase
during the cultivation of A. niger on antimony-supplemented
culture media when compared to antimony free control.
The rapid adjustment of A. niger to the new environmental
conditions can be seen in Fig. 2. The most common way
microorganisms deal with excess of toxic metal(loid)s is to
pump the metal(loid) out and restrict uptake at the same
time [18]. The same strategy was applied by the A. niger
strain, which reduced the uptake and enhanced the efflux
of antimony during the first week of cultivation, as can be
seen in Fig. 3. Contrarily, antimony uptake was significantly enhanced on the tenth day of cultivation. We
assumed that this effect reflects the shortage in carbon
source in culture media during cultivation.

antimony uptake and its efflux during the exponential
growth and the stationary phase after the tartrate was utilized.
ACKNOWLEDGEMENTS
This work was financially supported by VEGA
1/0778/11 and VEGA 1/0860/11.

Members of the genera Aspergillus were found to be
active tartrate decomposers [19] which, when supplemented
into the culture medium, can be utilized as a carbon source
by large variety of microorganisms [20]. We have concluded that most of the carbon source was utilized within
15 days in antimony-free culture media. Although the difference between the dry weight of biomass harvested on
antimony-free media and that in the presence of antimony
was not statistically significant, on the 15th day of cultivation and later on, the biomass yield was, however, significantly higher for strains cultured on antimonyl-tartrate
supplemented culture media (Fig. 2). Considering antimony to be a non-essential element, tartrate is the only other
com-ponent in culture medium, which could have enhanced fungal growth and may be used as a carbon
source. The relationship between the amount of antimony
(and simultaneously tartrate) uptake and biomass
growth can be particularly seen during the cultivation of
the A. niger at higher concentration of antimony in culture
medium (Fig. 2 and Fig. 3). In this case, after the consumption of the most of additional carbon source in the form of
tartrate, antimony was once again pumped out to the culture medium (Fig. 3).
4. CONCLUSIONS
The growth rate of the strain of A. niger on antimony
supplemented culture media (100 mg.L-1) during the exponential growth phase was identical to the antimony-free
control. Additionally, antimonyl tartrate had beneficial influence on fungal growth during the stationary growth
phase. Considering antimony a non-essential element,
tartrate is the only other component in culture medium,
which could enhance the fungal growth.
The results indicate a relationship between the amount
of antimony uptake and biomass growth at the stationary
growth phase. This relates to possible tartrate function as
carbon source. However, the fungal strain of Aspergillus
niger exhibits an effective mechanism for restriction of

1724

REFERENCES
[1]

Wilson, N.J., Craw, D. and Hunter, K. (2004) Antimony distribution and environmental mobility at an historic antimony
smelter site, New Zeland. Environmental Pollution, 129, 257266.

[2]

Jankulár, M., Jurkovič, Ľ. and Klimko, T. (2010) Distribution
of trace elements in soils at the abandoned Sb deposits of
Dúbrava and Poproč. Acta Geologica Slovaca, 2, 59-67.

[3]

Gebel, T. (1997) Arsenic and antimony: comparative approach on mechanistic toxicology. Chemico-Biological Interactions, 107, 131-144.

[4]

He, M. and Yang, J. (1999) Effects of different forms of antimony on rice during the period of germination and growth
and antimony concentration in rice tissue. Science of the Total Environment, 243-244, 149-155.

[5]

Dietl, C., Reifenhauser R. and Peichl, L. (1997) Association
of antimony with traffic-occurrence in airborne dust, deposition and accumulation in standardized grass cultures. Science
of Total Environment, 205, 235–244.

[6]

Ainsworth, N., Cooke, J.A. and Johnson, M.S. (1990) Distribution of antimony in contaminated grassland: 1— vegetation and soils. Environmental Pollution, 65, 65-77.

[7]

Dodd, M., Pergantis, S.A., Cullen, W.I., Li, H., Eigendor,
G.K. and Reimer, K.J. (1996) Antimony speciation in freshwater plant extracts by using hydride generation-gas chromatography-mass spectrometry. Analyst 121, 223–228.

[8]

Jenkins, R.O., Craig, P.J., Goessler, W., Miller, D., Ostah, N.
and Irgolic, K.J. (1998) Biomethlation of inorganic antimony
compounds by an aerobic fungus: Scopulariopsis brevicaulis,
Environmental Science and Technology, 32, 882–885.

[9]

Borovička, J., Řanda, Z. and Jelínek, E. (2006) Antimony
content of macrofungi from clean and polluted areas. Chemosphere, 64, 1837-1844.

[10] Stemmer, K.L. (1976) Pharmacology and toxicity of heavy
metals: antimony. Pharmacology and Therapeutics Part A,
1,157-160.
[11] Molnárová, M. and Fargašová, A. (2009) Se(IV) phytotoxicity for monocotyledonae cereals (Hordeum vulgare L., Triticum aestivum L.) and dicotyledonae crops (Sinapis alba L.,
Brassica napus L.). Journal of Hazardous Materials, 172,
854-861.
[12] Hung, L.-L. and Trape, J. (1983) Growth variation between
and within species of ectomycorrhizal fungi in response to
pH in vitro. Mycologia, 75. 234-241.
[13] Dix, N.J. and Webster, J. (1995) Fungal ecology. London,
Chapman & Hall, 549 p

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

[14] Bagy, M.M.K., El-Sharuony, H.M.M. and El-Shanawany,
A.A. (1991) Effect of pH and organic matter on the toxicity
of heavy metals to growth of some fungi. Folia Microbiologia, 36, 367-374.
[15] Gimmler, H., de Jesus, J. and Greiser, A. (2001): Heavy metal resistance of the extreme acidotolerant filamentous fungus
Bispora sp. Microbial Ecology, 42, 87-98.
[16] Čerňanský, S., Kolenčík, M., Ševc, J., Urík, M. and Hiller, E.
(2009) Fungal volatilization of trivalent and pentavalent arsenic under laboratory conditions. Bioresource Technology,
100, 1037-1040.
[17] Colpaert, J.V. and van Assche, J.A. (1987) Heavy metal tolerance in some ectomycorrhizal fungi. Functional Ecology, 1,
415-421.
[18] Roane, T.M., Rensing, C. Pepper, I.L. and Maier R.M.
(2009) Microorganisms and Metal Pollutants. Environmental
Microbiology, 2nd Edition. Elsevier Science, San Diego, 427448.
[19] Stadtman, T.C., Vaughn, R.H. and Marsh, G.L. (1945) Decomposition of tartrates by some common fungi. Journal of
Bacteriology, 50, 691-700.
[20] Rode, H. and Giffhorn, F. (1982) D-(-)-tartrate dehydratase
of Rhodopseudomonas sphareoides: purification, characterization, and application to enzymatic determination of D-(-)tartrate. Journal of Bacteriology, 150, 1061-1068.

Received: July 12, 2011
Revised: February 08, 2012
Accepted: March 26, 2012

CORRESPONDING AUTHOR
Martin Urík
Comenius University
Faculty of Natural Sciences
Geological Institute
Mlynská dolina
Bratislava 842 15
SLOVAK REPUBLIC
Phone: +421(02)602-96-392
E-mail: urik@fns.uniba.sk

1725

FEB/ Vol 21/ No 7/ 2012 – pages 1721 - 1724

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

MOLECULAR AND PHYSIOLOGICAL
BEHAVIOUR VARIATIONS OF ARTEMISIA MONOSPERMA
EXPERIENCED BY COMPARISON OF SEASONAL STRESS
SITUATIONS IN THE MIDDLE REGION, SAUDI ARABIA
Mohamed M. Ibrahim1,*, Najat A. Boukhari2 and Gehan A. El-Gaely2
1

Permanent address: Botany and Microbiology Department, Faculty of Science, Alexandria University, P.O. Box 21511, Alexandria; Egypt
1
Recent address: Science Department (Biology), Teachers College, King Saud University, Riyadh; KSA
2
Botany and Microbiology Department, College of Science, 11495-2245; King Saud University, Riyadh; KSA

ABSTRACT

1. INTRODUCTION

Artemisia monosperma plants were collected from
three independent locations in Riyadh during the periods
June 2009 –February 2010. The goal of this study was to
compare the physiological and biochemical strategies during temperature seasonal variation in Artemisia monosperma that is divergent in photosynthetic pigments and
antioxidant system. Photosynthetic pigments, including
chl a, b and carotenoids, were significantly varied according to temperature divergence in the different seasons.
Tissue malondialdehyde (MDA) content used as an oxidative stress index was 2.3-fold enhanced in Artemisia monosperma collected during winter (9 ºC), in comparison with
plants collected during summer period (38 ºC). Differences
in accumulation of some antioxidant metabolite and enzyme activities during seasonal variations in temperature
were investigated. Total ascorbate was markedly accumulated during winter period (especially at 9 and 15 ºC).
Antioxidant enzyme activities were also significantly enhanced in Artemisia monosperma during winter period compared with summer period. Different temperatures gave
different results, which were quite significant (POD,
P<0.05; PPO, P<0.05) showing an inverse trend in relation to the concentration of total phenols. Zymogram
analysis showed the induction of two isozyme bands in A.
monosperma subjected to high temperatures (38 and 47 ºC.
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Desert plants generally follow both phonological and
physiological adjustments to tolerate stresses. Those referred to as tolerance or avoidance mechanisms contribute
to the ability of a plant to survive under stress, but it also
depends on the frequency and severity of the stress periods. Plants in many habitats have various physiological
mechanisms for responding to environmental changes, and
the ability to tolerate environmental disturbances often contributes to their success in communities [1]. In addition to
genetic adaptation, the survival of a certain species is often
determined by its ability to acclimate to environmental
changes [2]. Acclimation is known to be a widespread
phenomenon in nature, and long-term responses can be
observed in the course of a season.
Extreme temperatures can be harmful when beyond the
physiological limits of a plant. Decreasing photosynthesis
seems to be the major cause of the chill-induced reduction
in the growth of plants in temperate climates [3]. Several
indicators support this assumption; periods of low temperature have been accompanied by lower chlorophyll content,
an increased pool size of xanthophyll cycle pigments, and
reduced photosynthetic capacity [4, 5].
Arid regions are characterized by the presence of many
stresses; these may include solar light-induced stress, UV
stress, drought stress, as well as temperature divergence
between the prolonged annual hot and dry period in summer and the cooled winter (Fig. 1). Plants cope with these
various stresses and have evolved different survival mechanisms including activation of antioxidant system, upregulation of early light-induced proteins (ELIPs), and
xanthophyll-cycle-dependent heat energy dissipation [6, 7].
Survival under this stressful condition depends on the
plant’s ability to perceive the stimulus, generate and transmit the signals, and initiate various physiological and chemical changes [8]. However, plants can respond and adapt to
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stress by altering their cellular metabolism and invoking
various defense mechanisms [9]. Thus, plants are equipped
with a complex and highly efficient antioxidative defense
system composed of non-enzymatic and enzymatic protection mechanisms to interrupt the cascades of uncontrolled
oxidation in some organelles [10], and serve to maintain
the antioxidants in their reduced functional state that efficiently scavenge reactive oxygen species (ROS) and prevent damaging effects of free radicals [11, 12]. Enzymatic
protection is partly performed by superoxide dismutase
(SOD, EC 1.15.1.1) that eliminates superoxide radicals
O2-, and by catalase (CAT, EC 1.11.1.6) and ascorbic peroxidase (APX, EC 1.11.1.11) that degrade H2O2 influencing the level of lipid peroxidation [13, 14] which is commonly taken as an indicator of oxidative stress, because it
is induced by ROS. Many studies have focused on the
changes in CAT and APX expression levels under environmental stresses [13]. Whether this is the case or not,
the antioxidant defenses appear to provide crucial protection against oxidative damage in cellular membranes and
organelles of plants grown under unfavorable conditions
[15, 16]. The non-enzymatic antioxidant compounds, such
as ascorbic acid, glutathione and carotenoids, function as
reductants for many free radicals, thereby minimizing the
damage caused by oxidative stress. Moreover, ascorbateglutathione cycle in chloroplasts plays a central role in preventing oxidative damage in cells subjected to biotic and
biotic stress situations by equilibrating the redox status [17].
Leaf antioxidant systems can prevent or alleviate the
damage caused by ROS under stress conditions, and include enzymes, such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX),
and metabolites including ascorbic acid (AsA) and glutathione (GSH) [18, 19]. Many studies mentioned the effect
of various environmental stresses on membranes, and have
measured the products of lipid peroxidation, such as MDA
and/or ethane, and concluded that oxygen free radicals are
involved in these stress responses. Phenolics are ubiquitous secondary metabolites in plants and include a large
group of biologically active components, from simple phenol molecules to polymeric structures with molecular
mass >30 kDa [20]. It has been demonstrated that thermal
stress induces the production of phenolic compounds,
such as flavonoids and phenylpropanoids [21-23]. Phenols are oxidized by POD, and primarily by PPO, which
catalyses the oxidation of o-diphenols to o-diquinones, as
well as hydroxylation of monophenols [24]. These activities of enzymes increase in response to different types of
biotic and abiotic stresses [25, 26]. More specifically, both
enzymes have been related to the appearance of physiological injuries caused in plants by thermal stress [27, 28]. Artemisia monosperma is a dominant perennial in many
areas of Asian deserts. In Saudi Arabia, it is mainly distributed in the Northeast of Buraydah, and can also be
found among the sand dunes in different localities in the
middle region. Artemisia monosperma is observed to be
one of the first species to dominate disturbed sand dunes
in Saudi Arabia.

This study was conducted to compare some ecophysiological aspects of A. monosperma between winter
and summer-grown plants in the period between 2009 and
2010 by determining their responses to various temperatures ranging from 9-47 °C. Changes in some physiological parameters, in response to seasonal temperature variations, were examined, including photosynthetic pigments
(chlorophyll a, b and carotenoids), some oxidative stress
indices, such as MDA, which indicate the occurrence of
lipid per-oxidation, and changes in enzymatic antioxidant
defense system, such as SOD, APX, CAT, PPO and
guaiacol peroxidase (POD) in A. monosperma collected
from the middle region in Saudi Arabia.
2. MATERIALS AND METHODS
In this field study research, each experiment was realized during a period of 30 days. During all experiments,
material of A. monosperma was randomly collected in either
summer (June-August) or winter (December-February) from
three independent locations in Thommama (northeast across
the north-central, 26º36 N, 46º6 E) in the central region;
Riyadh, Saudi Arabia. The sand dunes carry basically the
Artemisia community.
2.1. Plant sampling

Fully expanded leaves from the current year growth
(several leaves from each of the three plants per location)
were collected on sunny mornings (0.900 h) at each sampling date in June and February 2009-2010, and kept in an
ice-box, then transported to the lab,. and frozen at -80 ºC
to be used for the analyses of lipid peroxidation indicator
MDA, antioxidant enzymes (SOD, CAT, PPO, POD), and
antioxidant metabolites such as ascorbic acid. Fresh leaves
were used for the analysis of photosynthetic pigments.
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FIGURE 1 - Mean temperature variations in the middle region of
Saudi Arabia (Riyadh) during 1999-2009 (source: Presidency of
Meteorology and Environment in Saudi Arabia (PME)).
2.2. Photosynthetic pigments determination

Photosynthetic pigments including chlorophyll a, b
and carotenoids were measured in fresh leaf samples ac-
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cording to Lichtenthaler [29]: 0.1 g aliquots of fresh leaves
were immersed in 10 ml 80% acetone and dark-adapted.
The extract-containing pigments were decanted and the
absorbance was measured at 646.8, 663.2 and 470 nm
using a spectrophotometer (JENWAY, 6305, UK). For
determination of photosynthetic pigments, the following
formula was used: Chl a = 12.25 A 663.2 – 2.79 A646.8 Chl b
= 21.50 A 646.8 – 5.10 A663.2 carotenoids = (1000 A470-1.82
Chl a-85.02Chl b)/198.
2.3. Extraction and quantification of phenolics

Phenolics of plant material were extracted with methanol. Total phenolic content was assayed quantitatively by
A765 with Folin–Ciocalteau reagent according to Singleton
et al. [30]. An aliquot (1 ml) of extract was added to a 25-ml
volumetric flask, containing 9 ml of distilled deionized water
(dd H2O), and a reagent blank adding dd H2O was also
prepared. One ml of Folin-Coicalteu's phenol reagent was
added to the mixture and shaken. After 5 min, 10 ml of
7% Na2CO 3 solution was added, and the solution was
diluted to 25 ml with dd H2O and mixed. After incubation
for 90 min at room temperature, the absorbance against the
prepared reagent blank was determined at 750 nm with an
UV-VIS spectrophotometer (LKB). Total phenolic content
was expressed as mg caffeic acid equivalents (CAE)/ g
fresh weight.
2.4. Extraction of antioxidant enzymes

Leaves were extracted for 15 min at 4 oC in 5 ml of
cold extraction buffer (100 mM potassium phosphate) pH
7.8, 300 mg polyvinylpyrrolidone (PVP), and 1% (v/v)
Triton X-100 [31]. The extract was centrifuged (30 min)
at 20,000g and 4 oC, and equilibrated with 100 mM potassium phosphate, pH 7.8. For APX stabilization, the elution
buffer contained 5 mM ascorbate. The supernatant was
used for the enzyme assays.
2.5. Enzyme assays

SOD was assayed according to Stewart and Bewely
[32]. One unit of SOD activity was the amount of enzyme
that caused 50% inhibition of the initial reaction rate in
the absence of enzyme. APX activity was assayed according to Asada [33]. The reaction was initiated by the addition of H2O2. One unit of APX was the amount of enzyme
oxidizing 1 µmol of ascorbate min-1 at room temperature.
CAT activity was assayed by monitoring the decomposition of H2O2 spectrophotometrically at 240 nm [33]. One
unit of enzyme activity was equal to 1 µmol of H2O2 decomposed per min. PPO activity was assayed as described
by Nicoli et al. [34], with some modifications. The assay
mixture consisted of 30 mM caffeic acid in 100 mM
buffer (Na2HPO 4:KH 2PO 4), pH 7.0, through which air
was bubbled for 5 min. Catalase (420 units) was added
in 0.1 ml H2O to prevent peroxidation of the substrate,
and assay was initiated by the addition of enzyme extract.
PPO activity was measured by A370 change of the assay
mixture (30 °C) based on the measurement of caffeic acid
disappearance by enzymatic oxidation. POD was estimated

according to Adam et al. [35]. Reaction was started by
addition of 300 µl of 13 mM H2O2. The increase in absorption was recorded at 470 nm. Native PAGE and PPO
activity staining aliquots of enzyme extract (30-50 µl per
lane) were loaded on 1.5 mm thick 7.5% non-denaturating
polyacrylamide gels [36], and run at 4 oC and 20 mA per
gel, using a vertical slab gel apparatus (Bio Rad protein
analysis). The gels were stained for PPO activity according to Beauchamp and Fridovich [37]. The identification
of PPO isozymes was carried out according to Scandalios
et al. [38]. The level of lipid peroxidation was measured
in terms of MDA content, a product of lipid peroxidation
as described by Heath and Packer [39]. A 0.4-g sample was
homogenized in LN with mortar and pestle. The homogenized tissue powder was suspended in 5 ml of 0.1% TCA
on ice, and the residue of the suspension was rinsed into a
centrifuge tube with an extra 1-ml volume of TCA. After
that, the supernatant was divided into two fractions, A and
B. Absorbance of fraction A was read at 532 nm, subsequent to subtraction of non-specific absorption at 600 nm.
MDA concentration was calculated using its extinction
coefficient (155 mM−1 cm−1).
3. RESULTS
The photosynthetic pigment contents of A. monosperma were markedly changed in response to time of
tissue collection throughout the study period. Chlorophyll
a and b levels were significantly decreased, especially
during winter (85%) at 9 °C, compared to plants collected
in summer (74%) at 47 ºC (Fig. 2). Also, 5-aminolaevulinic acid (precursor of chlorophyll) was decreased
in a similar manner, reaching 65 % reduction (Table 1).
On the other hand, carotenoids increased significantly
(3.1- and 7.7-fold) in A. monosperma plants collected in
winter (9 ºC) compared with plants collected during
summer (at 38 and 47 ºC) in the experimental period. The
chl a/b ratio showed a significant increase during summer
period, reaching approximately 2-fold increase in comparison with plants collected in winter (Fig. 2).
The levels of chlorophyll a were insignificantly affected by location (p = 0.47) but significantly by time of
tissue collection (ANOVA, p = 0.05). The levels of chlorophyll a rose as temperature increased from 9 ºC in winter (December) to around 47 °C in summer (August) (Fig.
2). Similarly, both chl b and carotenoids were affected
more significantly by time of tissue collection rather than
plant location. On the other hand, carotenoids showed an
opposite pattern to that of chl a and b, and their contents
decreased significantly in summer.
Oxidative stress index, such as MDA, used as indicator of membrane stability, was increased significantly during winter season, especially at 9 ºC, and was 96% higher
than that in plants collected during summer at 47 ºC (Table 1). Time of tissue collection (ANOVA, p=0.05) was
significantly influenced the levels of total phenolic com-
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FIGURE 2 - Variation in photosynthetic pigments, chlorophyll a, b and carotenoids, in A. monosperma collected at different times of the year
from the middle region of Saudi Arabia (data are means ±SE (n=5); asterisks mean the relative significance between the same parameter).

pounds between the different seasons. In winter, plants
showed a highly significant seasonal difference reaching
3.66 mg g-1 FW at 9 ºC. Phenolic content of summer
collected plants was lowered significantly and reached
0.84 mg g-1 FW at 47 ºC (Table 1, Duncan's multiple
range test, p<0.05). In summer, the levels of accumulated
phenolic compounds quantified in plants collected at 47 °C
was about 4.5-fold decreased to that collected at 9 °C (Table 1). This lower temperature-induced phenolic compound
accumulation was markedly observed at 9 and 15 ºC in
winter season. Both reduced and oxidized forms of ascorbate were hardly affected by temperature divergence, and
increased significantly under low temperature in winter. For
instance, total ascorbate in A. monosperma collected in
winter at 9 ºC was 1.6-fold that of plants collected in
summer at 47 ºC. Oxidized ascorbate (DHA) increased
significantly in A. monosperma plants collected in winter
(9 °C) and reached 65% of total ascorbate (DHA+ASA)
in comparison to 26% in plants collected in summer (47 °C)
(Table 1). Concerning DHA/ ASA ratios, plants collected
at 47 ºC showed a great decrease reaching 0.34, whereas
those subjected to lower temperature in winter reached
significant ratios of 1.8 and 2.2, at 9 and 15 ºC, respectively. Moreover, the DHA/ ASA ratio at 38 ºC reached
only 16 % of the plants collected in winter at 15 ºC (Table 1).

According to ANOVA, the influence of season on antioxidant activities was not uniform for the studied enzymes. Over all harvest dates, the activities of SOD, APX
and CAT in A. monosperma plants collected during December and February were significantly higher (p<0.05)
than in plants collected during June and August; whereas
a marked depression for PPO and POD was observed in
A. monosperma collected at the same times (Table 2). The
activity of the antioxidant enzymes, namely SOD, CAT and
APX, was unaffected by the plant location, whereas their
activities were significantly affected by harvest date (Table 2). The activity of CAT was markedly higher in December than in February, regardless of the harvest location.
In contrast, the enzymes SOD and APX showed slight differences for the same collection dates from the same locations. With respect to oxidative enzymes, POD and PPO,
the different temperatures gave different results, which were
quite significant (POD, P<0.05; PPO, P<0.05) in showing
an inverse trend, in relation to the concentration of total
phenols. In our experiments, POD and PPO activities at
9 ºC were decreased with respect to the highest activities
recorded at 38 °C, by 66 and 71%, respectively (Table 2).
Zymogram analysis indicates the appearance of two
new bands in A. monosperma subjected to high tempera-

TABLE 1 - Changes of 5-amino-laevulinic acid (5-ALA), malondialdehyde (MDA), total phenolics, total ascorbate and dehydroascorbate/
ascorbate ratio in A. monosperma plants collected at different times of the year from the middle region in Saudi Arabia (data are means ±SE
(n=5); different letters within the same column indicate the significance within the same parameter in relation to time of collection).
Sampling date
15 June
15 August
15 December
15 February

Temp.
38 ºC
47 ºC
9 ºC
15 ºC

5-ALA mg g-1 FW
a

136.4±3.38
168.4±3.48 a
59.6±1.87 c
79.6±1.87 d

MDA nmol ml-1 FW
a

2.98±0.056
3.45±0.059 b
6.78±0.062 c
5.64±0.060cd
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Total phenolics
mg (CFE) g-1 FW
0.79 ± 0.033a
0.84 ± 0.036a
3.66 ± 0.09c
2.76 ± 0.06d

Total ascorbate
mol g-1 FWµ
28.7±2.23
39.5±3.72
62.7±4.53
52.6±3.87

DHA/ASA
0.35
0.34
1.8
2.2
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TABLE 2 - Changes in antioxidant enzyme activities (SOD, APX, CAT, PPO and POD) of crude extract of A. monosperma plants collected at
different times of the year from the middle region of Saudi Arabia (data are means ±SE (n=5); different letters within the same column indicate
the significance within the same parameter in relation to time of collection).
Sampling
date

Temp.

15 June
15 Aug
15 Dec
15 Feb

38 ºC
47 ºC
9 ºC
15 ºC

PPO
µmol caffeic acid mg-1 protein
min-1

U mg protein min -1
SOD
14.7±1.12 a
16.6±1.22 ab
22.9±2.08 c
19.0±2.03 cd

APX
4.32±0.66a
5.31±0.71ab
20.8±2.14c
17.5±1.65cd

CAT
3.27±0.06 a
4.87±0.07 ab
18.74±1.32c
13.58±0.98 d

tures of 38 and 47 ºC. The low intensity of the bands detected at 9 and 15 ºC denotes the low activity of these
isoforms in the crude extract of A. monosperma during
winter.

FIGURE 3 - Zymogram of PPO activity of crude extract of A. monosperma collected at different times of the year from the middle region
of Saudi Arabia (2 sample applications were performed for each
detection; arrows indicate the detected PPO isoenzymes).

On the other hand, the detected A. monosperma PPO
isoforms in summer plants indicate higher activity of these
isoenzymes, in addition to the induction of two new isozymes compared with winter plants (Fig. 3).
4. DISCUSSION
The amount of chlorophyll a and b is known to parallel photosynthetic activity, that is the increase in photosynthetic pigments, especially chlorophyll a, leading to a
rise of photosynthetic capacity and the fixed carbon capital available for growth. In the present study, it has been
shown that photosynthetic pigments of A. monosperma
were decreased significantly in response to lowering stress
temperature in winter season. Changes in the amount of
chlorophyll a rather than chlorophyll b coincided with
changes in photosynthesis performance, with response to
lower temperatures. Moreover, our results showed that the
different collection times throughout the year resulted in
different oxidative stress responses in A. monosperma.
Accordingly, we found that chlorophyll a/b ratio and 5ALA of the studied plants were lower in winter than in
summer at all studied locations (Table 2). This can be ex-

38.8±3.86 a
28.2±2.19 b
11.4±0.83 c
22.3±2.30 d

POD
µmol guaiacol mg-1 protein
min-1
37.3±2.98 a
25.3±2.07 b
12.7±0.99 c
16.9±1.23 d

plained by the fact that decrease in chlorophyll a could be
partly accounted for conversion to chlorophyll b, by the
oxidation of the methyl group on ring II to the aldehyde
[40, 41]. Furthermore, the reduction in Chl a/b ratio in
soybean plant (Table 2) might be due to a direct effect of
Cu2+ on the light harvesting complex of photosystem II
(LHC II) [42]. According to our results, we hypothesize
that winter time collection may result in the induction of
antioxidant enzyme activities, which correlated with the
production of ROS, resulting in oxidative stress. Our
results are consistent with [25, 43] who explained that the
occurrence of oxidative stress was parallel with the higher
content of some oxidative stress indices, such as MDA.
Moreover, the total ascorbate content was significantly
enhanced in A. monosperma parallel with the decrease in
temperature (9 and 15 ºC in winter season). Ascorbate
content was directed toward the formation of oxidized
ascorbate (DHA). POD and PPO activities were lowest in
A. monosperma at 9 and at 15 °C in comparison with activities on plants collected at 38 and 47 ºC (Table 2). Moreover, the relationships between POD and PPO activities and
soluble phenolics concentration in A. monosperma plants
appear to indicate that plants collected at different times of
the year cause oxidative stress, by subjecting the plants to
super-optimal and suboptimal temperatures [44, 45]. Some
studies have reported that these enzyme activities increase
in response to different types of stresses, both biotic and
abiotic [25, 26]. More specifically, both enzymes have
been related to the appearance of physiological injuries
caused by thermal stress [27, 46]. The metabolism of phenolic compounds includes the action of oxidative enzymes,
such as POD and PPO, which catalyze the oxidation of
phenols to quinones [24, 47, 48]. In contrast, our results
suggested that enzymes that oxidize soluble phenolic compounds, such as POD and PPO, were inhibited in winter,
especially at 9 ºC. Consequently, soluble phenolic compounds were accumulated, perhaps as results of an acclimation mechanism to overcome low temperature conditions. An opposite correlation between PPO and POD activities and formation of phenolic compounds has been
demonstrated [25, 27, 49]. According to our results, we
can conclude that significant induction of PPO activity in
plants collected during summer period may be correlated
with the appearance of two new bands of PPO isozymes,
especially at 38 and 47 ºC, for heat and other correlated
stress acclimations. In addition, the adaptive responses of
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A. monosperma to temperature divergence attained higher
concentrations of phenolic compounds and carotenoids
due to their adaptive mechanisms under arid conditions.
4. CONCLUSION
We conclude that A. monosperma may develop an
acclimated mechanism against super-optimal temperature
divergence stress caused at 9 and 15 ºC, together with
other potential stress conditions. This acclimated mechanism appears to consist of the accumulation of total ascorbate, and total phenolic compounds, as a defense against
oxidative stress caused by this stress situation. Moreover,
the plants responded to some stresses by increment of carotenoid content, in addition to enhancement of antioxidant enzyme activities.
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ABSTRACT
The purpose of this study was to investigate the removal of ammonium from aqueous solutions using a novel
zeolite obtained from coal fly-ash. The zeolite was characterized by X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Batch experiments were carried out to
investigate adsorbent dosage, shaking time, initial pH, initial ammonium concentration, and competitive cations.
Freundlich and Langmuir models were used to describe
the equilibrium isotherm data. The SEM and XRD images
indicated that most of the synthetic zeolite obtained from
coal fly-ash was crystalline, and zeolite Na-P1 was the major
component. Adsorbent dosage, shaking time, initial pH,
initial ammonium concentration, and competitive cations all
affected NH4+-ion removal from aqueous solutions. Equilibrium modeling data were fitted to linear Langmuir and
Freundlich models. The results demonstrated that the novel
zeolite obtained from coal fly-ash displayed a faster adsorption rate and higher adsorption capacity than did other
zeolites reported in the literature. This implies that the
zeolite has potential applications in removing ammonium
pollutants from wastewater.

In wastewater treatment, a variety of physicochemical
and biological methods have been used for ammonium
removal [2–5]. The biological nitrification/denitrification
method is the traditional method for ammonium removal
from municipal and industrial wastewater. However, this
method has limitations. For example, it does not respond
well to shock loads of ammonium. In cold weather, the
low temperature of the wastewater precludes the use of
this method for ammonium removal. Ion-exchange methods, for example using zeolites, are effective techniques
for ammonium removal, and considered to be an attractive alternative to biological methods [6–9]. Removal of
ammonium ions by selected natural and synthetic zeolites
has been studied by many researchers [10–13].
Electricity-generating plants produce 500 million tons
of fly-ash, a by-product of coal combustion, globally every
year. However, only 16% is recycled, and most fly-ash is
stored at the power plants or placed in landfills, causing
severe environmental problems [14]. However, fly-ash can
be useful and environmentally friendly. Recently, much
attention has been paid to coal fly-ash as a potential material for ammonium removal, and there have been many
reports [14–17] on the use of synthetic zeolites from flyash for ammonium removal.

KEYWORDS:
Ammonia removal; Synthetic zeolite; Coal fly-ash; Adsorption

1. INTRODUCTION
Nitrogen in wastewater is one of the causes for growth
of photosynthetic algae and other biological organisms in
water bodies. Ammonium is the primary form of nitrogen
pollution in various types of wastewater, including municipal sewage and industrial wastewater, and can be
formed by decomposition of organic nitrogen compounds
* Corresponding authors

in wastewater. Accumulation of ammonium in water may
be toxic to aquatic organisms, and increase oxygen demand
and eutrophication in rivers and lakes [1]. As awareness
of the deleterious effects of ammonium increases, the laws
restricting ammonium discharge from wastewater are becoming more stringent. Low-cost, effective methods are
therefore needed for the treatment of waters polluted with
ammonium.

The ability of a novel zeolite synthesized from coal
fly-ash to remove ammonium from aqueous solutions is
investigated in this study. The zeolite was characterized
by X-ray diffraction (XRD) and scanning electron microscopy (SEM), and the effects of adsorbent dosage, shaking
time, initial pH, initial ammonium concentration, and competitive cations on ammonium removal were investigated.
Finally, the adsorption equilibrium isotherms of ammonium uptake by the zeolite were studied.
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2.1 Raw materials

The zeolite synthesized from coal fly-ash used in this
study was provided by the Beijing Daoshun International
Technology Development Co., Ltd., Beijing, China. All of
the other inorganic chemicals used in this study, i.e., ammonium chloride (NH4Cl), sodium chloride (NaCl), sodium hydroxide (NaOH), and hydrochloric acid (HCl),
were analytical grade reagents from the China National
Pharmaceutical Group Chemical Reagent Co., Ltd. A stock
solution (1000 mg⋅L−1) was prepared by dissolving NH4Cl
in distilled water; the desired concentrations were obtained when needed by diluting the stock solution with
distilled water. Diluted HCl and NaOH solutions were
used for pH adjustment.
2.2 Methods characterization

The synthetic zeolite obtained from fly-ash was characterized by XRD and SEM. Crystalline materials in the
zeolite were identified by XRD using a PANnalytical X
Pert PRO MPD diffractometer (PANalytical, Eindhoven,
The Netherlands) with Cu Kα (λ = 0.154 nm) radiation,
operating at 40 kV and 40 mA and a step width of 0.026°.
The morphological structures of the synthetic zeolite were
identified by SEM, using a FEI-QUANTA200 (FEI Company, Brno, Czech Republic), operating in backscatter
mode at an accelerating voltage of 15.0 kV. The specific
surface area of the synthetic zeolite obtained from fly-ash
was determined by the nitrogen adsorption method. Nitrogen sorption experiments were carried out at 77 K using a
NOVA4200e apparatus (Cantata Instruments Co., USA).
The Brunauer–Emmett–Teller equation was used to determine the specific surface area.

where qt and qe are the amounts of exchanged ammonium (mg⋅g−1); C0, Ct and Ce (mg⋅L−1) are the initial, time
t, and equilibrium concentrations, respectively, of the
ammonium solution; V (L) is the solution volume; and W
(g) is the weight of synthetic zeolite. All treatments were
conducted in triplicate, and we report the average values.
The limit of error of the triplicate samples was lower than
5%.
3. RESULTS AND DISCUSSION
3.1 Characterization of synthetic zeolite obtained from coal
fly-ash

Fig. 1 shows the XRD pattern of the synthetic zeolite
obtained from coal fly-ash. All the XRD peaks agree well
with the characteristic peaks of zeolite Na-P1, mullite,
quartz, and phillipsite. The zeolite Na-P1 peak is sharp and
the intensity is comparatively strong. This indicates that
zeolite Na-P1 is the major component of the synthetic zeolite and would play the major role in NH4+-ion adsorption.
Analysis of the XRD pattern suggests the following
composition for the synthetic zeolite: Na-P1 71.9%, mullite 17.8%, quartz 9.9%, and phillipsite 0.4%.
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2.3 Ammonium-adsorption experiments

Batch experiments were performed in 250-mL stoppered conical flasks using 200 mL of solutions with different initial concentrations of ammonium and adsorbent
doses. The initial ammonium concentrations ranged from
5 to 100 mg⋅L−1, and the zeolite dosage was varied from
0.5 g⋅L−1 to 15.0 g⋅L−1. The samples were agitated on a
temperature-controlled shaker with continuous stirring at
200 rpm. After equilibrium had been reached, the supernatant was filtered using 0.45-µm membranes. The initial
and final ammonium concentrations in solution were determined, using a UV spectrophotometer (UV-2100), by
monitoring the absorbance changes at the maximum absorbance wavelength (420 nm).
Removal efficiency (%) =

(C0 − Ce )
× 100
C0

(1)

qt =

(C0 − Ct )V
W

(2)

qe =

(C0 − Ce )V
W

(3)
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FIGURE 1 - XRD diffraction pattern of synthetic zeolite obtained
from coal fly-ash

Fig. 2 shows the SEM images of the synthetic zeolite
obtained from coal fly-ash; a large number of round crystals with strip-shaped surfaces can be easily observed at
different magnifications. The particle size is estimated to
be about 2 µm; some impurities can be observed.
The potential adsorption capacity is reflected to some
extent by the specific surface area. The obtained value of
the specific surface area of the synthetic zeolite obtained
from coal fly-ash was 22.60 m2⋅g−1. The pore channels in
the zeolite, which can allow ions to penetrate into or adsorb on the surface, provide a large surface of active sites.
This kind of zeolite therefore has significant potential applications in the adsorption of harmful ions such as ammonium.
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monium uptake by the synthetic zeolite as a function of
shaking time at 298 K. As seen from Fig. 3, the ammonium-adsorption rate by the zeolite was rapid and the final
ammonium uptake was almost complete within 10 min of
starting the reaction. The uptake reached near equilibrium
10 min after the initial reaction, and the uptake of ammonium became almost stable. The change in the rate of NH4+ion removal may be explained as follows. Initially, all the
adsorbent sites are vacant and the solute concentration
gradient is high [15]. The NH4+-ion uptake rate by the
zeolite then decreases significantly as a result of the decrease in adsorption sites. Zhang et al. [14] also found that
ammonium uptake by zeolites was a fast process, and uptake equilibrium is achieved within 10–15min. As can be
seen from the data, there is no significant difference between the removal efficiency after 30 min and that after
150 min. On the basis of these results, a 30-min shaking
period was selected for the subsequent experiments.
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FIGURE 3 - Effects of contact time at 298 K for ammonium adsorption on synthetic zeolite obtained from coal fly-ash
3.2.2 Effects of pH

FIGURE 2 - SEM images of synthetic zeolite obtained from coal flyash.
3.2 Performance of synthetic zeolite obtained from coal fly-ash
3.2.1 Effects of shaking time

In order to determine the shaking time required for the
ammonium–zeolite system to reach equilibrium, a 50 mg⋅L−1
ammonium solution (500 mL) was shaken with 2.5 g of
zeolite. The equilibrium studies were performed at time
intervals in the range 0.5–150 min. Fig. 3 shows the am-

The pH is an important factor in the exchange of ammonium by zeolites. The pH can affect the characteristics
of the ammonium and of the zeolite. The effects of initial
pH values in the range 2–10 were investigated. The pH
values were adjusted using 0.2 mol⋅L−1 HCl and 0.2 mol⋅L−1
NaOH solutions. 200mL of 50 mg⋅L−1 ammonium solution were agitated with 1.0 g of zeolite at 298 K. The experimental results are shown in Fig. 4. As seen from Fig. 4, the
pH has an obvious impact on ammonium removal by the
zeolite. The removal efficiency increased slowly as the pH
was increased from 2 to 6, reached a maximum value at
pH 6, and then decreased at pH 7. At pH values below 6,
the decrease in the ammonium-removal efficiency may be
the result of two factors [12, 15]:
(1) At lower pH values, the ammonium ions have to
compete with hydrogen ions for the adsorption sites, so
the efficiency is lower.
(2) The zeolite crystals begin to collapse or dissolve
with decreasing pH in aqueous solutions. However, when
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the pH is higher than 7, the ionized ammonium is gradually transformed to non-ionized forms of NH3; this is unfavorable for adsorption on the zeolite surface [18]. Partial dissolution of the zeolite in alkaline solutions may be
another reason [19]. As the optimum pH of the ammonium
solution was near 6, the solution pH was not adjusted in the
following experiments.
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FIGURE 4 - Effects of pH at 298 K on ammonium adsorption on
synthetic zeolite obtained from coal fly-ash
3.2.3 Effects of adsorbent dosage

To determine the balance between the ammonium-adsorption capacity and removal efficiency needed to achieve
the optimum adsorbent dosage, the effects of varying
the synthetic zeolite dosage on the NH4+-ion removal
efficiency were studied. In the experiments, 200mL of
50 mg⋅L−1 ammonium solution of were agitated with different amounts of adsorbent at 298 K. The zeolite dosage
was varied from 0.5 g⋅L−1 to 15.0 g⋅L−1; the results are
shown in Fig. 5. As seen from Fig. 5(a), the NH4+-ion removal efficiency increased from 21.52% to 94.24% as the
zeolite dosage increased from 0.5 g⋅L−1 to 15.0 g⋅L−1. A
plateau occurred at 10.0 g⋅L−1 of adsorbent. This can be
explained as follows. First the surface area and number of
exchange sites increased as the adsorbent dosage increased,
so the NH4+-ion removal efficiency increased rapidly. With
further increases in adsorbent dosage, higher solid/liquid
ratios resulted in the formation of aggregates or precipitation of particles, resulting in a plateau at a concentration
of 10.0 g⋅L−1 of adsorbent. From Fig. 5(b), it can also be
seen that the ammonium-adsorption capacity decreased
with increasing synthetic zeolite dosage. The decrease in
the ammonium-adsorption capacity with increasing zeolite
dosage may the result of two factors [14]:
(1) A decrease in the ammonium concentration gradient per unit mass of adsorbent with increasing synthetic
zeolite dosage;
(2) A decrease in the total surface area of the synthetic zeolite as a result of particle interactions such as
aggregation.
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FIGURE 5 - Effects of adsorbent dosage on ammonium adsorption
on synthetic zeolite at 298K: (a) shows the effects of adsorbent
dosage on ammonium adsorption on the zeolite, and (b) shows
adsorption capacities at different adsorbent dosages
3.2.4 Effects of initial ammonium concentration

The effects of the initial ammonium concentration
were studied using initial concentrations in the range 5–
100 mg⋅L−1. The zeolite dosage was kept at 1.0 g and the
temperature was kept at 298 K. The results, in Fig. 6,
show that the initial ammonium concentration had an obvious effect on both the ammonium uptake and the ammonium-removal efficiency. The ammonium-adsorption
capacity increased with increasing initial ammonium concentration, reaching a maximum value of 14.63 mg⋅g−1
when the initial ammonium concentration was 100 mg⋅L−1.
This is because higher concentrations can result in higher
solute gradients, providing the necessary driving force for
ammonium to replace cations in the medium framework.
Fig. 6 also shows that there was an obvious decrease in
the ammonium-removal efficiency when the ammonium
concentration in solution increased; this was the result of
saturation of the limited number of exchange sites of the
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adsorbent. With an increase in initial ammonium concentration from 5 to 100 mg⋅L−1, the ammonium-removal
efficiency decreased from 98.63% to 73.14%.
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tion and cations from the zeolite. When Na+, K+, Ca2+, or
Mg2+ were present in the solution, the ammonium-adsorption capacity decreased as a result of competition with
other cations for adsorption sites on the zeolite. Given
identical concentrations of metal cations, the reduction in
ammonium-adsorption capacity followed the order K+ >
Ca2+ > Na+ > Mg2+, indicating that the order of selectivity
over ammonium of other cations on the synthetic zeolite
was K+ > Ca2+ > Na+ > Mg2+. Similar results have previously been reported by Zhang et al. [14]. However, different results for the selectivity of natural and synthetic zeolites toward Na+, K+, Ca2+, and Mg2+ have been found in
other studies [6,20,21]. This is because different zeolites
have different chemical compositions and structures, and
thus different cation selectivities [14].
3.3 Ammonium adsorption isotherms study
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FIGURE 6 - Effects of ammonium initial concentration on adsorption
on synthetic zeolite at 298 K
	
  
90

Ce
1
1
=
+
Ce
qe qmax k qmax

80

75

	
  

Removal efficiency (%)

85

Adsorption isotherms are important for describing
how ammonium interacts with the synthetic zeolite, and are
useful in investigating the use of the zeolite as an adsorbent. The Freundlich and Langmuir models are usually
used to describe the equilibrium data [22,23]. In this study,
both the Freundlich and Langmuir models are used to
describe the equilibrium isotherm data.
The linear form of the Langmuir model is expressed
as:
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FIGURE 7 - Effects of competitive cations on adsorption on synthetic zeolite at 298 K
3.2.5 Effects of competitive cations

Actual wastewater such as municipal and industrial
wastewaters is always contaminated with various additives such as inorganic salts, so it is necessary to investigate the influence of other cations on ammonium removal
by the synthetic zeolite. The adsorption of ammonium at
298 K in the presence of various salts was therefore carried out at the same initial molar cation concentrations of
sodium (Na+), potassium (K+), calcium (Ca2+), and magnesium (Mg2+), respectively. The amount of adsorbent is
1.0 g, and the constant initial ammonium concentration is
50 mg⋅L −1. From the results shown in Fig. 7, it can be
seen that the individual presence of other metal ions significantly reduced the ammonium-removal efficiency.
The adsorption of ammonium on a zeolite is the result of
ion-exchange between ammonium from the aqueous solu-

where qe (mg⋅g−1) is the equilibrium amount of ammonium adsorbed (mg) per unit mass of adsorbent (g), Ce
(mg⋅L−1) is the concentration of ammonium in the equilibrium solution, and qmax (mg⋅g−1) and k (L⋅mg−1) are the
maximum adsorption capacity of the adsorbent and the
adsorption energy coefficient, respectively.
The essential features of the Langmuir isotherm can
be expressed in terms of the dimensionless constant separation factor RL:

RL =

1
1 + kC 0

where C0 (mg⋅L−1) is the initial concentration of ammonium and k is the Langmuir constant (L⋅mg−1). There
are four possibilities for the RL value: for favorable adsorption conditions, 0 < RL< 1; for unfavorable adsorption
conditions, RL > 1; for linear adsorption, RL = 1; and for
irreversible adsorption, RL = 0 [24].
The Langmuir plots for ammonium adsorption on the
synthetic zeolite obtained from coal fly-ash are shown in
Fig. 8. The parameters are given in Table 1. The experimental data fit the Langmuir model well, with a correlation coefficient of 0.9644. The maximum adsorption capacity and Langmuir constant (k) deduced from the Langmuir isotherm are 16.36 mg⋅g−1 and 0.2164 L⋅mg−1, respectively. So the parameter RL lies between 0 and 1, which
shows that the conditions for removal of ammonium are
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favorable. In addition, the values of RL prove that the
synthetic zeolite obtained from coal fly-ash is a potential
adsorbent for ammonium removal from aqueous solutions. Saltali et al. [25] and Sarioglu et al. [26] reported
that the maximum amounts of ammonium exchanged
using a natural Turkish zeolite were 9.64 mg g−1 at 21 °C
and 12.83 mg⋅g−1 at 20 °C. Zheng et al. [4] found that the
maximum adsorption capacity of zeolite 13X was 8.61
mg g−1 at 298 K. Juan et al. [16] found that the maximum
adsorption capacity of a zeolite synthesized from fly-ash
using a hydrothermal method was 7.02 mg⋅g−1 at 298 K.
This kind of synthetic zeolite obtained from coal fly-ash
showed relatively high ammonium adsorption compared
to other zeolites.
The linear form of the Freundlich model is as follows:
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where Kf is the Freundlich constant (mg⋅g ), the
measure of the adsorption capacity of the adsorbent, and
1/n is the heterogeneity factor, a constant related to adsorption intensity or surface heterogeneity. High values of
Kf indicate high affinities for ammonium, and the value of
the empirical parameter 1/n lies in the range 0.1 < 1/n < 1,
indicating favorable conditions for adsorption [27].
Freundlich constants were calculated from the slopes and
intercepts in Fig. 8b, and are given in Table 1. The correlation coefficient of 0.9836 showed that the experimental
data agree well with the Freundlich model. The value of
1/n is less than 1 (0.4814 at 298 K) and therefore represents favorable removal conditions. The Kf in the Freundlich model is 3.179, which indicates high affinities for
ammonium. Sarioglu et al. [26] and Weatherley [28]
determined Kf as 2.23 and 2.27 for the adsorption of ammonium.
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FIGURE 8 - Isotherm models at 298 K for ammonium adsorption
on synthetic zeolite obtained from coal fly-ash: (a) Langmuir model
and (b) Freundlich model

TABLE 1 - Isotherm constants for ammonium adsorption on synthetic zeolite at 298 K
Isotherm models
Langmuir
Freundlich

equation
Ce/qe=0.28234+0.061118 Ce
logqe=0.50234+0.4814 logCe

Parameters
k (L⋅mg-1): 0.2164
Kf (mg⋅g-1): 3.179

4. CONCLUSIONS
The novel zeolite adsorbent was characterized and its
adsorption behavior with respect to removal of ammonium from aqueous solutions was investigated. SEM and
XRD images showed that most of the synthetic zeolite
obtained from coal fly-ash was crystalline, and zeolite NaP1 was the major component. Experimental parameters
such as adsorbent dosage, pH, shaking time, initial ammonium concentration, and competitive cations influenced on
NH4+-ion removal from aqueous systems by the synthetic

-1

qmax (mg⋅g ): 16.36
1/n: 0.4814

R2
0.9644
0.9863

zeolite. The zeolite exhibited a fast adsorption rate and
high adsorption capacity for ammonium. A maximum adsorption capacity of 16.36 mg⋅L −1 of ammonium was
achieved. Langmuir and Freundlich models both fit well
with the experimental data. This synthetic zeolite obtained
from coal fly-ash has potential applications in the removal
of ammonium pollutants from wastewaters. It can be used
as a low-cost and relatively effective adsorbent for the
removal of ammonium.
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ABSTRACT
The paper presents results of field experiments which
purpose was to evaluate the possibility of accumulation of
nitrogen, phosphorus, potassium and magnesium in the
dry matter of plants throughout the growing season of two
different maize varieties: SE Palazzo and ES Paroli SG.
Starting from the 32nd day after the date of sowing, on ten
dates, at 14-day intervals, the content of various macroelements in the whole plant dry matter and its organs was
estimated. Critical nitrogen, phosphorus, potassium and
magnesium contents in the whole plant dry matter were
also indicated, and the nitrogen (N-NI), phosphorus (PNI), potassium (K-NI) and magnesium (Mg-NI) nutrition
indices were calculated. It was found that as vegetation
progressed, the contents of nitrogen, phosphorus, potassium and magnesium in the dry matter of the whole plant
and its organs were significantly reduced. ES Paroli SG
variety was characterized by a higher content of the abovementioned components, compared to SE Palazzo. Generally, the nutrition index was more favourable (closer to 1) for
the function that best approximated the actual data.

KEYWORDS: maize, stay-green, boundary curves, function
models, nutrition index (NI)

1. INTRODUCTION
Maize (Zea mays L.) belongs to a group of cultivated
plants among which a considerable breeding progress has
been observed in recent years [1]. This is manifested not
only by a large number of new hybrids, but also by changes
in the selection of different breeding types. All varieties of
maize available for cultivation are hybrids, characterized
by exuberance, high vigour and good alignment [2]. There* Corresponding author

fore, they must be renewed annually, because their selfreproduction reduces yield by up to 20-30% and their
maturation declines.
At the moment, geneticists who breed new varieties
of maize aim at isolating the so called "greenness gene"
that conditions the maintenance of the plant green habit,
until its full maturity [3-5]. This feature is very useful in
growing maize for silage [6, 7] and grain [8, 9]. The presence of the gene in plants means that hybrids are more
resistant to periodic droughts with which we have to increasingly deal. This also results in greater resistance of
plants to diseases caused by fungi of the genus Fusarium
ssp. which causes, among other, premature dying of plants
and their lodging [10-12].
The hypothesis of the experience assumes that in order to obtain high yields while meeting quality standards,
it is necessary to use modern cultivation technologies,
applying breeding progress and achievements of biotechnology, including the “stay-green” effect hybrids. In addition, to fully exploit the potential carried in the genotype
of plants (grains), it is necessary to determine fertilizer
needs for all macronutrients. Only this can ensure high
yields. Boundary curves for nitrogen were defined as one
of the methods used to determine fertilizer needs with
respect to this macro-element [13-16]. The curves were
determined solely on the basis of some selective sampling
periods (e.g. the three-four leaf stage, beginning of flowering panicles, full maturity) [13]. Literature does not
speak about boundary curves calculated on the basis of a
dynamic of dry matter increment at short intervals of time
(every few days) for nitrogen and other nutrients. In addition, the results apply only to the entire species Zea mays L.,
without a split into variety types.
Hence, the aim of the field experiment was to investigate changes in the macronutrient content in the biomass
of two different maize genotypes throughout their growing season. In addition, the study presented a relationship
between the accumulation of dry matter by a single plant
and the content of N, P, K and Mg, on the basis of various
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function models (logarithmic, exponential and power
functions) which describe the relationship. As a result,
boundary curves to determine fertilizer needs of different
types of maize varieties were determined.
2. MATERIALS AND METHODS
2.1. Field experiment

A field experiment was conducted at the Department
of Agronomy of the Poznań University of Life Sciences,
on the fields of the Experimental and Didactic Station in
Swadzim (52°26'N, 16°45'E) in 2009 and 2010. The experiment compared two maize hybrids, different in terms
of their morphologies: ES Palazzo (FAO 230-240) and ES
Paroli (FAO 250) of the “stay-green” (SG) type. Each
year, the field experiment started on April 19. The plot
surface was 15.4 m2. The experiment was conducted in
four replications. Each plot consisted of four rows of plants.
Samples for analysis were taken from two middle rows of
each plot, and boundary rows were treated as isolation.
Tillage, fertilizing and other agricultural technology
components were implemented in grain technology, according to recommendations of maize cultivation. In each
research year, the same amounts of NPK fertilizers were
used on the whole experimental field: 100 kg N ha-1 in the
form of urea, 80 kg P2O5 ha-1 (35.2 kg P ha-1) in the form
of “Polifoska 6” fertilizer, 120 kg K2O ha-1 (99.6 kg K ha-1)
in the form of 60% potassium salt.
2.2. Thermal and humidity conditions

Thermal and humidity conditions throughout the growing season in the years of the research were very diverse
for maize growth and development. The impact of the tem-

perature and humidity factors is best described by Sielianinov hydrothermal index of water protection [K] by [17]:
K=

10 · monthly total precipitation [mm]
number of days · average daily
air temperature in the month [°C]

The optimal value of this coefficient is 1. The values
below 1 reflect the period of drought, while the values
above - the period of relative humidity. In 2009, the value
of the correlative [K] was below 1 in April and August,
while in 2010 – in April, June and October (Fig. 1).
2.3. Plant material

In order to determine the contents of N, P, K and Mg
in the dry matter of plants, plant samples (eight plants)
were taken each year on ten dates: (32, 46, 60, 74, 88, 102,
116, 130, 144, 158 days after sowing). In each observation period, the samples were divided according to their
stage of development into subsamples: whole plants, stalks,
leaves, ear cover leaves, ears, core, grains. In each of the
observation periods, based on the weighted average, the
contents of N, P, K, and Mg in the dry matter of the
whole plant were measured (Table 1).
An analysis of the content of mineral components in
the dry matter (d.m.) was done in the Laboratory of the
Department of Agronomy, Poznań University of Life Sciences, according to the methods described by Gawęcki [18].
Furthermore, potassium and calcium were determined,
using a Flapho 40 flame spectrophotometer, while phosphorus and magnesium were identified, using a Spekol 11 colorimeter. In the present research, nitrogen content in grain
was assessed, using the Kjeldahl method with the device
KjeltecTM 2200 FOSS.

FIGURE 1 - Value of hydrothermic index according to Sielianinov [17]
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TABLE 1 - Actual values of individual macronutrients in the whole-plant dry matter [in g kg-1 dm]
Number of days
after sowing
32
46
60
74
88
102
116
130
144
158

ES Palazzo
N
49.42
41.48
36.41
35.56
21.62
16.42
14.87
12.53
11.67
11.09

P
5.10
3.31
2.82
2.33
2.10
2.20
2.14
2.28
2.14
2.03

K
42.64
42.19
35.64
32.95
28.55
17.86
14.59
10.07
8.37
7.90

Mg
3.10
2.28
2.18
1.91
1.71
1.55
1.23
1.07
0.85
0.76

The macroelement nutrition index NI was determined
by dividing the current (actual) and critical content of a
particular nutrient [19]:
current (actual) value of the nutrient [in g kg-1 dm]
NI =
critical nutrient content [in g kg-1 dm]
The actual nutrient content in the dry matter of particular maize organs was determined in the laboratory in
the course of the plant material chemical analysis. The
critical content of N, P, K and Mg was calculated, using
the logarithmic, exponential and power functions – describing the dependence of the dry matter accumulation
on the content of various macronutrients. The optimal
nutrition index value is 1. The NI value below 1 shows
a given macroelement nutrition, while over 1 indicates
excessive macroelement uptake by plants [14].
2.4. Statistical analysis

A two-way analysis of variance (ANOVA) was carried out to verify hypotheses about a lack of impact of
years and varieties and a hypothesis about a lack of years
× varieties interaction in relation to nitrogen, potassium,
phosphorus and magnesium. ANOVA was performed separately for each plant organ. The least significant differences
(LSDs) at α = 0.05 were calculated to compare varieties in
terms of nutrient content in particular development stages.
The Tukey's honestly significant difference (HSD) at α =
0.05 was estimated in order to compare various development stages for ES Palazzo and ES Paroli SG independently.
The coefficients of determination, R2, were used to
inform if a model was accurate. The coefficient of determination is a statistical measure of how well the regression line approximates the real data points. Residual mean
squares for the entire growing season (RMS), for the vegetative development phase (RMSv) and the generative development phase (RMSg) were calculated in order to compare the deviation of actual data from individual approximating functions.
The interdependence between the contents of N, P, K
and Mg in the vegetative and generative development phase
and throughout the period of plant development for varieties ES Palazzo and ES Paroli SG was tested on the basis
of respective correlation coefficients [20].

N
53.05
44.42
40.30
39.60
22.88
17.63
15.98
14.14
13.92
13.13

ES Paroli SG
P
K
5.25
45.25
3.71
43.13
3.01
37.87
2.54
35.91
2.24
28.62
2.40
20.68
2.41
16.48
2.48
10.93
2.29
8.71
2.13
7.97

Mg
3.15
2.63
2.34
2.04
1.99
1.69
1.37
1.16
1.04
0.91

Data analysis was made, using a statistical package:
GenStat v. 7.1 [21].
3. RESULTS AND DISCUSSION
The results of the analysis of variance indicate no impact of the years and no interaction of the years and varieties in relation to the contents of N, P, K and Mg. Hence,
further analyses were performed on mean values from the
two years of the research.
Nitrogen content in the dry matter and its redistribution in
different plant organs are presented in Table 2. From the
32nd to the 74th day after sowing, a significantly higher
nitrogen content in the dry matter per plant was observed
in hybrid ES Paroli SG, compared to ES Palazzo (Table
2). This difference was, respectively: 3.63 g kg-1 dm, 2.94
g kg-1 dm, 3.89 g kg-1 dm and 4.04 g kg-1 dm. Szulc [22]
obtained a different result. At the five-six leaf stage
(BBCH 15/16), this author did not observe a significant
variety impact (traditional hybrid and of the "stay-green"
type) on the contents of nitrogen, phosphorus, potassium
and magnesium in that stage of development. Nitrogen
content in stems, leaves, ear cover leaves, core, regardless
of a type of maize hybrid, as well as the observation period (number of days after sowing) was statistically at the
same level (Table 2). Only a trend of a greater macrocomponent concentration (content) in the dry matter of ES
Paroli SG (Table 2) was noticed in relation to the other
variety tested. As for generative yield (grain), the nitrogen content was significantly modified by a maize hybrid type (Table 2). Compared to the traditional variety
ES Palazzo, ES Paroli SG had a higher content of this
macroelement in grain. This difference was as follows:
130 days after sowing – 2.55 g kg-1 dm, 144 days after
sowing – 3.40 g kg-1 dm, while 158 days after sowing –
3.39 g kg-1 dm. The results obtained show that nitrogen
content in the dry matter of different maize organs significantly decreased along with the progress of vegetation.
This relationship referred to both of the tested cultivars
(Table 2). According to Bruździak [23], in the initial
phases of development, the nitrogen content of maize
plants is very high, exceeding 48.0 g kg-1 dm N in leaves
and 44.0 g kg-1 dm N on average in the whole plant. As
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the plant grows up, the nitrogen content decreases in all
organs, reaching a level of about 13 – 14 g kg-1 dm N in
the dry matter of whole plants. In the presented results,
the nitrogen content in the dry matter of the whole plants
throughout the growing season in ES Palazzo decreased
from 49.42 g kg-1 dm N to 11.09 g kg-1 dm N, while in
hybrid ES Paroli SG – from 53.05 g kg-1 dm N to 13.13 g
kg-1 dm N (Table 1). As Bruździak [23] shows, in the
phase of full ripeness, the highest nitrogen content (above
17 g kg-1 dm N) is present in leaves and grains, the remaining parts of the plant contain less than 1% N in the
dry matter. The results indicate that 158 days after sowing, the largest nitrogen content was found in leaves (for
ES Palazzo: 21.74 g kg-1 dm N, for ES Paroli SG: 21.9 g
kg-1 dm N) and in grains (for ES Palazzo: 12.24 g kg-1 dm
N, for ES Paroli SG: 15.63 g kg-1 dm N) (Table 2).
The content of phosphorus, potassium and magnesium
in the dry matter and their distribution in various maize
organs throughout the growing season is depicted respectively in Tables 3, 4 and 5. Only 158 days after sowing, a
maize hybrid type significantly differentiated the percentage of the macroelements in the stem, leaves, ear cover
leaves, core and grains. Significantly higher contents of
phosphorus, potassium and magnesium were found in
hybrid ES Paroli SG, compared to the traditional varie-

ty ES Palazzo. This difference was, respectively, for phosphorus: 0.22 g kg-1 dm, 0.29 g kg-1 dm, 0.13 g kg-1 dm,
0.28 g kg-1 dm (Table 3); for potassium: 1.6 g kg-1 dm,
0.26 g kg-1 dm, 0.37 g kg-1 dm, 0.4 g kg-1 dm (Table 4);
for magnesium: 0.23 g kg-1 dm, 0.18 g kg-1 dm, 0.05 g kg-1
dm, 0.12 g kg-1 dm (Table 5). In their previous studies,
Szulc and Bocianowski [9] showed that the amount of
phosphorus and potassium in grains is significantly higher
in the "stay-green" type variety, compared to the traditional
hybrid. The variety factor did not differentiate the contents
of nitrogen and magnesium in generative yield. In both
types of maize hybrids studied, the contents of phosphorus, potassium and magnesium in various plant organs
significantly decreased throughout the growing season.
The largest amount of phosphorus content, regardless of a
maize hybrid, in the phase of full maturity (158 days after
sowing) was observed in leaves and grains. Based on
literary data [24, 25, 26], it can be concluded that a large
part of phosphorus stored in the initial phases of development in the vegetative parts of maize, moves to grains.
The lowest amount of potassium content in the phase of
full maturity is in grains, while the highest – in stems [23].
Again, the results presented that the lowest content of this
macroelement was found in grains (for ES Palazzo: 2.61 g
kg-1 dm K, for ES Paroli SG: 3.01 g kg-1 dm K), while the

TABLE 2 - Nitrogen content (and standard deviations) [in g kg-1 dm] in dry matter and its redistribution in different plant organs (means
from 2009 and 2010). Means in rows followed by the same letters are not significantly different.
Plant organ /
Variety type
ES Palazzo
Stem +
leaves

ES Paroli SG
LSD0.05
ES Palazzo

Stem

ES Paroli SG
LSD0.05
ES Palazzo

Leaves

ES Paroli SG
LSD0.05

32
49.42a
(2.90)
53.05a
(2.79)
0.953

46
41.48b
(0.47)
44.42b
(0.63)
1.397

60
36.41b
(2.31)
40.30b
(0.45)
2.477

74
35.56b
(3.51)
39.60b
(3.17)
2.98

Number of days after sowing
88
102

17.56a
(0.05)
18.75a
(1.43)
ns
31.42a
(0.47)
31.73a
(0.81)
ns

ES Paroli SG

ES Palazzo
ES Paroli SG
LSD0.05

ES Paroli SG
LSD0.05
ES Palazzo

Grain

10.71b
(0.50)
10.95b
(0.54)
ns
29.07b
(1.11)
31.29a
(1.07)
ns
13.32a
(0.10)
14.30a
(0.69)
ns
22.08a
(0.86)
24.89a
(0.40)
ns

8.85c
(0.21)
9.23bc
(0.13)
ns
28.46b
(1.11)
30.89a
(1.07)
ns
10.79b
(0.16)
11.19b
(0.37)
ns
16.80b
(0.64)
18.23b
(1.35)
ns

8.57c
(0.14)
9.20bc
(0.55)
ns
23.58c
(0.23)
25.86b
(0.16)
ns
8.28c
(0.52)
9.41c
(0.10)
ns

158

HSD0.05

ES Paroli SG

LSD0.05
ns - not significant
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7.51d (0.33)
8.73c (1.12)
ns
22.46cd
(0.03)
23.18c
(0.76)
ns
7.24d (0.62)
8.46c (0.31)
ns

6.99d
(0.01)
7.38c
(0.03)
ns
21.74d
(0.04)
22.19c
(0.01)
ns
6.49d
(0.13)
6.98d
(0.01)
ns

0.65
1.98

1.66
1.88

0.97
0.98

3.27
4.28
4.46a
(0.45)
5.21a
(0.48)
ns
13.83a
(0.92)
16.38a
(0.95)
0.254

ES Palazzo
Core

144

5.97

LSD0.05
Ear (core +
grain)

130

7.11

ES Palazzo
Ear cover
leaves

116

4.26a (0.18)
4.64ab
(0.08)
ns
12.73a
(0.33)
16.13a
(0.69)
3.176

3.97a
(0.04)
4.21b
(0.02)
ns
12.24a
(0.06)
15.63a
(0.04)
2.339

0.90
0.90

1.80
2.15
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TABLE 3 - Phosphorus content (and standard deviations) [in g kg-1 dm] in dry matter and its redistribution in different plant organs (means
from 2009 and 2010). Means in rows followed by the same letters are not significantly different.
Plant organ /
Variety type
ES Palazzo
Stem +
leaves

ES Paroli
SG
LSD0.05

32
5.10a
(0.27)
5.25a
(0.31)
ns

46
3.31b
(0.06)
3.71b
(0.43)
ns

60
2.82c
(0.04)
3.01bc
(0.06)
ns

74
2.33d
(0.16)
2.54c
(0.19)
ns

ES Paroli
SG
LSD0.05
ES Palazzo

Leaves

ES Paroli
SG
LSD0.05

ES Paroli
SG
LSD0.05
ES Palazzo

Ear (stem
+ grain)

ES Paroli
SG
LSD0.05

1.51a
(0.06)
1.68ab
(0.04)
ns
2.93ab
(0.15)
3.15ab
(0.16)
ns
2.44a
(0.14)
2.67a
(0.06)
ns
3.96a
(0.01)
3.99a
(0.04)
ns

1.11b
(0.10)
1.44abc
(0.54)
ns
2.77b
(0.31)
2.81bc
(0.26)
ns
2.36a
(0.17)
2.54a
(0.21)
ns
3.28b
(0.17)
3.53b
(0.01)
ns

0.91c
(0.10)
1.11bcd
(0.04)
ns
2.34c
(0.04)
2.48c
(0.06)
ns
1.42b
(0.36)
2.07b
(0.03)
ns

144

158

HSD0.05

ES Paroli
SG
LSD0.05
ES Palazzo

ES Paroli
SG
LSD0.05
ns - not significant
Grain

0.75cd
(0.08)
1.00cd
(0.16)
ns
2.06c
(0.16)
2.08d
(0.18)
ns
1.01b
(0.49)
1.33c
(0.28)
ns

0.61d
(0.01)
0.83d
(0.01)
0.06
1.97c
(0.03)
2.01d
(0.03)
ns
0.87b
(0.00)
1.16c
(0.04)
0.013

0.17
0.57

0.41
0.36

0.74
0.41

0.52
0.11
1.04a
(0.25)
1.54a
(0.30)
ns
3.48a
(0.22)
3.59a
(0.30)
ns

ES Palazzo
Stem

130

0.79

ES Palazzo
Ear cover
leaves

116

0.44

1.65a
(0.00)
1.72a
(0.01)
ns
3.19a
(0.13)
3.36a
(0.01)
ns

ES Palazzo
Stem

Number of days after sowing
88
102

0.85a
(0.11)
1.00ab
(0.06)
ns
3.09ab
(0.26)
3.23a
(0.23)
ns

0.68a
(0.03)
0.81b
(0.00)
0.09
2.73b
(0.06)
3.01a
(0.01)
0.18

0.51
0.57

0.64
0.69

TABLE 4 - Potassium content (and standard deviations) [in g kg-1 dm] in dry matter and its redistribution in different plant organs (means
from 2009 and 2010). Means in rows followed by the same letters are not significantly different.
Plant organ /
Variety type
Stem +
leaves

ES Palazzo

42.64a (2.65)

ES Paroli SG

45.25a (0.54)

LSD0.05

ns

ES Palazzo
Stem

ES Paroli SG
LSD0.05
ES Palazzo

Leaves

32

ES Paroli SG
LSD0.05

46
42.19ab
(1.22)
43.13a
(1.96)
ns

60
35.64bc
(3.62)
37.87b
(1.76)
ns

74
32.95c
(1.08)
35.91b
(2.02)
ns

Number of days after sowing
88
102

28.69a
(0.77)
32.48a
(3.78)
ns
28.25a
(1.05)
28.44a
(0.85)
Ns

ES Paroli SG

ES Palazzo
ES Paroli SG
LSD0.05
ES Palazzo
Grain

144

158

HSD0.05

4.67

LSD0.05
Ear (core +
grain)

130

6.63

ES Palazzo
Ear cover
leaves

116

16.92b
(1.58)
21.45b
(1.22)
ns
23.52b
(0.73)
24.36b
(0.33)
ns
13.08a
(1.97)
13.96a
(0.71)
ns
16.16a
(0.05)
17.37a
(1.54)
ns

16.58b
(1.73)
20.28bc
(4.50)
ns
20.56c
(0.43)
21.10c
(0.87)
ns
11.17ab
(0.69)
12.93b
(0.34)
ns

16.23b
(0.57)
17.59bc
(0.12)
ns
18.52d
(1.05)
18.78d
(1.07)
ns
11.10ab
(0.90)
12.30b
(0.19)
ns

13.52c
(0.15)
15.70bc
(2.41)
ns
13.95e
(0.76)
14.66e
(0.13)
ns
10.83ab
(0.23)
11.09c
(0.35)
ns

LSD0.05
ES Palazzo
Ziarno
ES Paroli SG
LSD0.05
ns - not significant
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2.54
6.46
1.86
1.66

8.83b (0.04)

2.66

9.09c (0.01)

1.02

0.14

8.70b (0.35)

1.07

9.52b (0.24)

4.75

ns
8.39a (2.14) 6.80a (1.16)
7.72ab
9.71a (1.06)
(1.24)
ns
ns
4.04a (0.09) 3.04b (0.33)
4.62a (0.40) 3.50b (0.07)
ns
ns

ES Paroli SG

12.77c
(0.01)
14.37c
(0.10)
0.30
12.99e
(0.06)
13.74e
(0.07)
ns

5.94a (1.03)

4.47

6.31b (0.95)

3.01

0.12
2.61b (0.01)
3.01b (0.04)
0.14

0.63
0.76
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TABLE 5 - Magnesium content (and standard deviations) [in g kg-1 dm] in dry matter and its redistribution in different plant organs (means
from 2009 and 2010). Means in rows followed by the same letters are not significantly different.
Plant organ /
Variety type
ES Palazzo
Stem +
ES Paroli SG
leaves
LSD0.05
ES Palazzo
Stem

ES Paroli SG
LSD0.05
ES Palazzo

Leaves

ES Paroli SG
LSD0.05
ES Palazzo

Ear cover
leaves

ES Paroli SG

LSD0.05
ES Palazzo
Ear (core +
ES Paroli SG
grain)
LSD0.05
ES Palazzo
Rdzeń
ES Paroli SG
LSD0.05
ES Palazzo
Core
ES Paroli SG
LSD0.05
ns - not significant

32
3.10a (0.36)
3.15a (0.34)
ns

Number of days after sowing
46
60
74
88
102
116
130
2.28b (0.37) 2.18b (0.01) 1.91b (0.06)
2.63ab
2.34ab
2.04b (0.05)
(0.59)
(0.07)
ns
ns
ns
1.55a (0.03) 1.45a (0.08) 1.23b (0.08) 1.16c (0.00)
1.64ab
1.44bc
1.33bc
1.77a (0.15)
(0.10)
(0.18)
(0.18)
ns
ns
ns
ns
1.86ab
1.73ab
2.12a (0.04) 2.07a (0.13)
(0.39)
(0.04)
1.92cd
2.47a (0.06) 2.20b (0.04) 2.02c (0.02)
(0.05)
0.22
ns
ns
ns
1.08a (0.01) 0.95b (0.01) 0.91b (0.04)
1.07ab
0.94bc
1.15a (0.04)
(0.11)
(0.03)
ns
ns
ns
1.52a (0.01) 0.95b (0.14)
1.54a (0.01) 1.01b (0.05)
ns
ns
0.31a (0.19)
0.41a (0.21)
ns
1.01a (0.03)
1.04a (0.04)
ns

highest in stems (for ES Palazzo: 12.77 g kg-1 dm K, for
ES Paroli SG: 14.37 g kg-1 dm K) and leaves (for ES
Palazzo: 12.99 g kg-1 dm K, for ES Paroli SG: 13.74 g kg-1
dm K) (Table 4). Maize takes small amounts of magnesium, but it is a necessary element for the proper functioning of the plant. The role of magnesium is great, because it
is included in the chlorophyll molecule [27]. Maize magnesium needs can be relatively easily satisfied [28]. Average
magnesium content in whole maize plants decreased along
with the progress of vegetation: in ES Palazzo it decreased
from 3.10 g kg-1 dm Mg to 0.76 g kg-1 dm Mg, while in ES
Paroli SG it decreased from 3.15 g kg-1 dm Mg to 0.91 g
kg-1 dm Mg (Table 1). At full maturity the largest concentrations of this macro-component were in leaves (for ES
Palazzo: 1.13 g kg-1 dm Mg, for ES Paroli SG: 1.63 g kg-1
dm Mg) (Table 5).
One method of determining fertilizer needs based on
the plant analysis is to determine the so-called boundary
curves. These curves describe a relationship between the
dry matter of plants and the percentage content of a given
component. The results indicate that, along with the progress of vegetation, the dry matter per plant increased and
nitrogen, phosphorus, potassium and magnesium contents
decreased. Greenwood et al. [15], Kruczek [13], Machul
[19] indicate that nitrogen content in plants decreases along
with the progress of vegetation. In turn, Bruździak [23]
found that not only nitrogen but also phosphorus, potassium and magnesium are reduced throughout the maize
growing season. The relationship between nitrogen content and dry matter yield determined by Greenwood et al.
[16] for potato and tested for cereal crops and vegetables is
a universal “biological rule”, which can be applied when
evaluating the nitrogen nutrition status of plants [14].

144

158

HSD0.05
0.73
0.96

0.94d (0.04) 0.78e (0.01)

0.12

1.26c (0.07) 1.01d (0.03)

0.31

ns
1.38bc
(0.28)

0.10
1.13c (0.04)

0.50

1.82d (0.06) 1.63e (0.04)

0.12

ns
ns
0.78c (0.04) 0.51d (0.01)

0.07

0.85c (0.04) 0.69d (0.03)

0.15

ns

0.10
0.43
0.16

0.18a (0.07)
0.30a (0.06)
ns
0.81a (0.13)
0.92b (0.03)
ns

0.16a (0.00)
0.21a (0.01)
0.04
0.59b (0.01)
0.71c (0.03)
0.10

0.37
0.40
0.25
0.10

The results indicate that nitrogen content of maize
plants, as a function of the plant dry matter accumulation
for the entire growing season, regardless of a hybrid type,
is best described by the logarithmic function, then by the
power function and worst by the exponential function
(Table 6, Figure 2). Determined on the basis of best fitting
functions (logarithmic), the critical nitrogen contents show
a large compliance with the actual values obtained (R2
equals 0.947 and 0.931 for, respectively, ES Palazzo and
ES Paroli SG). Critical nitrogen values in the vegetative development period for both types of maize varieties tested are
best described by the logarithmic function (RMSv equals
17.3 and 25.4 for, respectively, ES Palazzo and ES Paroli
SG), and for the generative development – the logarithmic
function for ES Palazzo (RMSg = 2.2), and power function
for ES Paroli SG (RMSg = 2.0) (Table 6, Figure 2). The
most optimal values of nitrogen nutrition indices, i.e. closest to 1, were obtained for the logarithmic function which
simultaneously best approximated the actual data (Table 6).
In four cases, 74, 102, 116 and 130 days after sowing, the
N-NI values for the logarithmic function were not very
favourable (Table 6).
Phosphorus content in the dry matter of maize plants,
as a function of the dry matter accumulation for the entire
growing season, the phases of vegetative and generative
development for both examined types of maize varieties,
were best described by the power function (for ES Palazzo:
R 2=0.868, RMS=0.13, RMSv=0.24, RMSg=0.02; for ES
Paroli SG: R2=0.890, RMS=0.10, RMSv=0.18, RMSg=
0.02) and slightly worse by the logarithmic function (for
ES Palazzo: R2=0.793, RMS=0.17, RMSv=0.30, RMSg=
0.04; for ES Paroli SG: R2=0.834, RMS=0.14, RMSv= 0.25,
RMSg=0.03) (Table 7, Figure 3). The better the function.
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TABLE 6 - Estimated nitrogen contents in maize [in g kg-1 dm] and the macro-element nutrition indices
Number of days after sowing
74
88
102
116
130
144
158
ES Palazzo
logarithmic
50.69
44.17
36.00
27.05
19.32
17.58
16.31
14.11
13.06
12.80
Estimated
exponential
35.12
35.09
34.89
33.32
25.87
22.30
19.14
12.93
9.86
9.14
values
power
58.68
45.52
33.10
23.36
17.29
16.15
15.37
14.11
13.54
13.41
logarithmic
0.975
0.939
1.011
1.314
1.119
0.934
0.912
0.888
0.894
0.866
N-NI
exponential
1.407
1.182
1.044
1.067
0.836
0.736
0.777
0.969
1.183
1.213
power
0.842
0.911
1.100
1.522
1.251
1.016
0.967
0.888
0.862
0.827
ES Paroli SG
logarithmic
54.62
47.76
38.81
29.14
21.65
19.97
18.36
15.92
14.77
14.13
Estimated
exponential
37.66
37.63
37.41
35.64
28.61
25.40
21.60
14.79
11.37
9.55
values
power
62.61
49.08
35.73
25.36
19.44
18.32
17.30
15.87
15.23
14.89
logarithmic
0.971
0.9.30
1.038
1.359
1.057
0.883
0.871
0.888
0.943
0.929
N-NI
exponential
1.409
1.1.80
1.077
1.111
0.800
0.694
0.740
0.956
1.224
1.374
power
0.847
0.9.05
1.128
1.562
1.177
0.962
0.924
0.891
0.914
0.882
2
R – coefficient of determination, RMS – residual mean squares for the whole vegetative period, RMSv – residual mean squares
RMSg – residual mean squares for the generative development phase
Function

32

46

60

R2

RMS

RMSv

RMSg

0.947
0.864
0.883

9.7
33.1
29.2

17.3
54.1
56.1

2.2
12.0
2.3

0.931
0.793
0.882

14.3
45.1
35.9

25.4
67.9
69.7

3.2
22.3
2.0

for the vegetative development phase,

FIGURE 2 - The relationship between nitrogen content [in %] and the size of produced biomass for the entire growing season; data pooled
across years.
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TABLE 7 - Estimated phosphorus contents in maize [in g kg-1 dm] and the macro-element nutrition indices
Number of days after sowing
R2
RMS
RMSv
RMSg
74
88
102
116
130
144
158
ES Palazzo
logarithmic
4.21
3.81
3.31
2.76
2.29
2.18
2.10
1.97
1.90
1.89
0.793
0.17
0.30
0.04
Estimated
exponential
2.99
2.99
2.98
2.93
2.64
2.49
2.34
1.99
1.78
1.73
0.371
0.56
1.04
0.08
values
power
4.17
3.67
3.13
2.63
2.26
2.18
2.13
2.04
2.00
1.99
0.868
0.13
0.24
0.02
logarithmic
1.211
0.869
0.852
0.844
0.919
1.010
1.019
1.160
1.125
1.077
P-NI
exponential
1.704
1.106
0.945
0.795
0.795
0.885
0.916
1.146
1.201
1.175
power
1.223
0.902
0.901
0.887
0.930
1.008
1.005
1.118
1.071
1.021
ES Paroli SG
logarithmic
4.47
4.06
3.53
2.95
2.50
2.40
2.30
2.16
2.09
2.05
0.834
0.14
0.25
0.03
Estimated
exponential
3.22
3.22
3.21
3.17
3.00
2.91
2.80
2.55
2.38
2.28
0.394
0.59
1.08
0.09
values
power
4.47
3.95
3.35
2.81
2.46
2.38
2.31
2.21
2.17
2.14
0.890
0.10
0.18
0.02
logarithmic
1.174
0.914
0.854
0.862
0.896
1.001
1.047
1.150
1.097
1.039
P-NI
exponential
1.633
1.154
0.938
0.801
0.746
0.824
0.861
0.974
0.961
0.933
power
1.175
0.940
0.897
0.903
0.912
1.007
1.042
1.120
1.057
0.994
2
R – coefficient of determination, RMS – residual mean squares for the whole vegetative period, RMSv – residual mean squares for the vegetative development phase,
RMSg – residual mean squares for the generative development phase
Function

32

46

60

FIGURE 3 - The relationship between phosphorus content [in %] and the size of produced biomass for the entire growing season; data
pooled across years.
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TABLE 8 - Estimated potassium contents in maize [in g kg-1 dm] and the macro-element nutrition indices
Number of days after sowing
74
88
102
116
130
144
158
ES Palazzo
logarithmic
47.95
41.87
34.24
25.89
18.67
17.05
15.86
13.81
12.83
12.59
Estimated
exponential
37.40
37.36
37.09
35.03
25.56
21.25
17.57
10.78
7.70
7.00
values
power
58.19
44.35
31.55
21.74
15.75
14.65
13.89
12.68
12.13
12.00
logarithmic
0.889
1.008
1.041
1.273
1.529
1.048
0.920
0.729
0.652
0.628
K-NI
exponential
1.140
1.129
0.961
0.941
1.117
0.841
0.830
0.934
1.088
1.128
power
0.733
0.951
1.130
1.516
1.813
1.219
1.050
0.794
0.690
0.658
ES Paroli SG
logarithmic
50.43
44.13
35.92
27.05
20.18
18.64
17.16
14.92
13.86
13.28
Estimated
exponential
39.22
39.18
38.88
36.55
27.62
23.74
19.30
11.91
8.52
6.82
values
power
61.51
47.05
33.18
22.75
16.98
15.90
14.93
13.58
12.98
12.66
logarithmic
0.897
0.977
1.054
1.328
1.418
1.110
0.961
0.732
0.628
0.600
K-NI
exponential
1.154
1.101
0.974
0.983
1.036
0.871
0.854
0.918
1.023
1.168
power
0.736
0.917
1.141
1.579
1.685
1.300
1.104
0.805
0.671
0.629
R2 – coefficient of determination, RMS – residual mean squares for the whole vegetative period, RMSv – residual mean squares
RMSg – residual mean squares for the generative development phase
Function

32

46

60

R2

RMS

RMSv

RMSg

0.864
0.965
0.741

23.6
8.8
60.1

35.5
13.2
110.6

11.6
4.4
9.7

0.863
0.973
0.728

25.7
7.4
68.3

36.3
10.9
122.1

15.1
3.9
14.5

for the vegetative development phase,

FIGURE 4 - The relationship between potassium content [in %] and the size of produced biomass for the entire growing season; data pooled
across years.
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TABLE 9 - Estimated magnesium contents in maize [in g kg-1 dm] and the macro-element nutrition indices
Number of days after sowing
74
88
102
116
130
ES Palazzo
logarithmic
2.94
2.62
2.21
1.76
1.38
1.29
1.22
1.12
Estimated
exponential
2.30
2.30
2.29
2.20
1.79
1.59
1.40
1.02
values
power
3.22
2.66
2.10
1.61
1.29
1.22
1.18
1.10
logarithmic
1.053
0.871
0.987
1.084
1.243
1.203
1.004
0.960
Mg-NI
exponential
1.348
0.992
0.953
0.867
0.954
0.976
0.877
1.052
power
0.961
0.856
1.040
1.185
1.330
1.269
1.045
0.970
ES Paroli SG
logarithmic
3.12
2.80
2.38
1.92
1.57
1.49
1.42
1.30
Estimated
exponential
2.45
2.45
2.44
2.35
1.99
1.82
1.62
1.22
values
power
3.42
2.86
2.27
1.77
1.46
1.40
1.34
1.26
logarithmic
1.009
0.940
0.984
1.061
1.267
1.133
0.967
0.891
Mg-NI
exponential
1.285
1.073
0.959
0.867
0.998
0.926
0.848
0.954
power
0.921
0.918
1.030
1.153
1.365
1.210
1.023
0.922
2
R – coefficient of determination, RMS – residual mean squares for the whole vegetative period, RMSv –
RMSg – residual mean squares for the generative development phase
Function

32

46

60

144

158

1.06
0.82
1.07
0.800
1.042
0.795

1.05
0.77
1.06
0.724
0.991
0.716

R2

RMS

RMSv

RMSg

0.902
0.927
0.805

0.047
0.078
0.069

0.055
0.149
0.088

0.040
0.007
0.050

0.042
0.071
0.070

0.044
0.125
0.098

0.040
0.017
0.043

1.25
1.22
0.915
1.00
0.88
0.918
1.22
1.20
0.822
0.834
0.747
1.042
1.039
0.852
0.758
residual mean squares for the

vegetative development phase,

FIGURE 5 - The relationship between magnesium content [in g kg-1 dm] and the size of produced biomass for the entire growing season; data
pooled across years.
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approximated the actual data, the closer to 1 the nutritional
value was (Table 7).
The results show that the boundary curves describing
the accumulation of the dry matter and potassium content
throughout the growing season, vegetative and generative
stage of development, regardless of a hybrid maize type,
were best described by the exponential function (for ES
Palazzo: R2=0.965, RMS=8.8, RMSv=13.2, RMSg=4.4; for
ES Paroli SG: R2=0.973, RMS=7.4, RMSv=10.9, RMSg=
3.9) (Table 8, Figure 4). The nutrition index closer to 1 was
generally observed in the case of the exponential function which best approximated the actual data (Table 8)
The field experiment showed that magnesium content
in maize plants, depending on the rate of the dry matter
accumulation for the entire period of vegetative growth and
development, regardless of a hybrid type, is best described
by the logarithmic function (for ES Palazzo: R2=0.902,
RMS=0.047, RMSv=0.055; for ES Paroli SG: R2=0.915,
RMS=0.042, RMSv=0.044). The above relationship for the
generative development phase for both types of varieties
tested, is best described by the exponential function (for
ES Palazzo: RMSg=0.007; for ES Paroli SG: RMSv=0.017)
(Table 9, Figure 5). In hybrid ES Paroli SG it was observed that the better the function approximated the actual
data, the better the nutrition index was: in the vegetative
phase – the logarithmic function, and in the generative
phase - the exponential function (Table 9). This relationship was not observed in hybrid ES Palazzo (Table 9).
Considering the whole period of the plant development, highly statistically significant, positive correlation
coefficients between the contents of all examined macroelements in ES Palazzo and ES Paroli SG were observed
(Table 10). In the vegetative phase of development, no
significant relationship was noticed only between K and
Mg contents in ES Paroli SG (Table 11). However, in the
generative phase of development, P and K contents were
not significantly correlated in both varieties (Table 12).
TABLE 10 - The correlation matrix for the studied traits for all data
(both phases) for ES Palazzo (below diagonal) and ES Paroli SG
(above diagonal)
N
N
1
P
0.7589***
K
0.8592***
Mg
0.9148***
** P<0.01, *** P<0.001

P

K

Mg

0.7667***
1
0.4414***
0.6755***

0.8140***
0.4110**
1
0.8848***

0.8896***
0.5941***
0.8671***
1

TABLE 11 -The correlation matrix for the studied traits for the
generative phase for ES Palazzo (below diagonal) and ES Paroli SG
(above diagonal)
N

P

N
1
0.8487***
P
0.8606***
1
K
0.8443***
0.7063*
Mg
0.837***
0.9178***
* P<0.05, ** P<0.01, *** P<0.001

K

Mg

0.8071**
0.6596*
1
0.7006*

0.7392**
0.8337***
0.5335
1

TABLE 12 - The correlation matrix for the studied traits for the
vegetative phase for ES Palazzo (below diagonal) and ES Paroli SG
(above diagonal)
N

P

N
1
0.7095***
P
0.7047***
1
K
0.5765***
0.0337
Mg
0.8361***
0.5056***
* P<0.05, ** P<0.01, *** P<0.001

K

Mg

0.4339**
-0.0475
1
0.8161***

0.8068***
0.3696*
0.7917***
1

4. CONCLUSIONS
Regardless of a maize hybrid type, nitrogen, phosphorus, potassium and magnesium contents in the dry
matter of whole plants substantially declined along with
the progress of vegetation.
The "stay-green" hybrid type was characterized
throughout the growing season by a higher content of
nitrogen, phosphorus, potassium and magnesium in the
whole plant dry matter, compared to the traditional varieties. An increased relation was observed in each plant
organ. This determines the green habit (appearance) of
plants until their full maturity.
The logarithmic function was the curve that best described nitrogen content in the above ground plant parts,
as a function of the dry matter accumulation for the whole
period of vegetation and vegetative development phase,
regardless of a variety type. The logarithmic function best
described the above relationship for the generative development for variety ES Palazzo, while the power function for variety ES Paroli SG.
Regardless of a maize hybrid type, the power function best described phosphorus content throughout the
growing season, in the vegetative and generative phase of
development.
The exponential function best described potassium
content throughout the growing season in the vegetative
and generative development phase, regardless of a hybrid
maize type.
The curve that best described magnesium content in
the above ground plant parts, as a function of the dry
matter for the whole period of vegetation and vegetative
development phase, regardless of a variety type, was the
logarithmic function, while for the generative development phase – the exponential function.
Nitrogen, phosphorus, potassium and magnesium
contents were significantly correlated in ES Palazzo and
ES Paroli SG.
The most optimal nutrition index values were generally obtained for the function which best approximated
the actual data.
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ABSTRACT
In the present work, spent LiCoO2 was treated in LiOH solution exerted by ultrasound with the aim to renovate its electrochemical characteristics. Structures of LiCoO2
were characterized by XRD and Raman spectroscopy, respectively. The morphology and particle sizes of LiCoO2
were analyzed by SEM. Experimental results show that
ultrasonic cavitation could be effectively used to remove
organic substance stuck on LiCoO2 surface and facilitate
the LiCoO2 dissolution-crystallization processes. At room
temperature, the spent LiCoO2 was successfully renovated
in 2.0 M LiOH solution with ultrasound applied for 12 h.
Its charge capacity in the first cycle was 132.2 mAh g-1,
the discharge capacity was 131.9 mAh g-1, and 97.2 % of
the discharge capacity was retained after 50 cycles.

KEYWORDS: Spent lithium-ion batteries; LiCoO2; Cathode;
Ultrasonic irradiation; Renovation

1. INTRODUCTION
Lithium-ion batteries (LIBs), which consist of crust,
cathode, anode, organic electrolyte and separator, are used
extensively in various areas as rechargeable energy suppliers. The use of LIBs has increased sharply in recent
years because of their function update and cost decrease. A
lithium-ion battery has a limited life span of about 500 cycles
[1]. In consequence, the spent LIBs have been generated in
astonishing quantities. Lithium cobalt oxide (LiCoO2) is
commonly used as an active cathodic material for almost
all commercialized LIBs. LiCoO2 recycling is considered
to be the most important target of the spent LIBs, because
Li and Co in spent LIBs are not only rare metals, but also
hazardous to the environment.
* Corresponding author

In order to efficiently recover Li and Co, various pyrometallurgical and hydrometallurgical processes have been
reported. The thermal treatment mainly involves dismantling, discharging, separation and calcining at a moderately high temperature (above 850 °C) [2-5]. Thermal
treatment has the advantage of having simple and convenient operations and, at the same time, the disadvantages of
being unable to recover organic compounds; thus it needs
to install equipments for purifying the smoke and gas resulting from combustion of carbon and organic compounds.
The hydrometallurgical method for the recycling of spent
LiCoO2 electrodes mainly consists of complicated multistep procedures, such as dismantling, discharging, separation, dissolution in diluted acid [6-15], neutralization and
precipitation [16], filtering, various extraction procedures
using different organic solvents [17-19], etc. Therefore, the
development of an economical and simple synthetic route
for the recycling of spent LiCoO2 electrodes is quite worthy to be considered.
Many groups have tried to separate and renovate
LiCoO2 from spent LIBs by simple procedures, such as
electrochemical-hydrothermal reaction and hydrothermal
treatment. It is reported that renovated LiCoO2 may indeed provide high quality grade recycled materials [1, 20].
For instance, Ra et al. [1] reported that depleted LiCoO2
cathode material was recovered and renovated in a single
synthetic step using electrochemical and hydrothermal
reaction, called as Etoile-Rebatt technology. Kim et al. [20]
studied a laboratory process, in which the spent LiCoO2
active material was renovated and simultaneously separated from spent cathodic material in a single synthetic
step using hydrothermal method. The renovated LiCoO2
phase exhibits the first discharge capacity of 144.0 mAh
g-1, and the discharge capacity retention of 92.2% after 40
cycles. Because the hydrothermal experiment was carried
out in alkaline media at 200 ºC for 20 h, such hydrothermal corrosion was significant, and thus required special
corrosion resistant equipment for handling.
In the course of trying to develop a novel approach for
renovation of LiCoO2, the ultrasound technology seems to
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be a good choice. During the conventional recycling procedure, the ultrasonic has been applied to effectively separate electrode materials [21, 22], and control the particle shape and size of both the recycled cobalt compound
and the prepared lithium cobalt oxide [23]. High-power
ultrasound can generate cavitation within a liquid, and
through cavitation provide a source of energy which can be
used to enhance a wide range of chemical processes [24].
Cavitation refers to the rapid growth and implosive collapse of bubbles in a liquid resulting in an unusual reaction environment within and in the vicinity of bubbles
[25]. The concentration of energy upon collapse results in
extreme localized conditions including high temperatures
and pressures inside the cavity [26]. Under such conditions, the renovated LiCoO2 is simply obtained from spent
LIBs using a relatively simple reactor.
In this work, we present the results of the removal of
the organic component and the renovation of the ideallayered LiCoO2 from spent LiCoO2 electrodes using the
ultrasound technology.

FIGURE 2 - Design of the ultrasound reaction system.
2.3. Analysis methods

2. MATERIALS AND METHODS
2.1. Materials

The spent mobile phone batteries (Li-ion batteries)
used in this study were supplied by TES-AMM (Shanghai) Co., Ltd. LiCoO2 and carbon powders were fixed on
Al and Cu foils as cathodes and anode, respectively. After
discharging, used LIBs were dismantled to partition anode,
separator, electrolyte, and cathode in the unit cell. Then, the
LiCoO2 powder used in this work was obtained from the
cathode by mechanical separation. LiOH used for experiments was an analytical grade (A.R.) reagent.
2.2. Experimental procedure

The experimental procedures are schematized in Fig. 1.
Ultrasonic irradiation of used LiCoO2 cathode material was
conducted in a 200-ml three-necked, flat-bottomed flask. The
reactor was fitted with an ultrasonic transformer, a magnetic
stirrer, and a condensate return device to reduce the loss of
water by evaporation (see Fig. 2). The ultrasonic frequency
was 25 kHz and power ranged from 998 to 1002 W. The
sonic horn (10 mm diameter, Nanjing Xianou Instrument
Manufacturing Co., Ltd., China) was placed approximately
1.5 cm above the bottom of the flask. The used LiCoO2
cathode material was immersed in 2.0 M LiOH solution, and
stirred at 200 rpm for 12 h. After the sonochemical reactions,
the renovated LiCoO2 in the flask was filtered and washed
three times using doubly distilled water to remove residual
LiOH solution, and then dried at 80 °C for 6 h.

The structure of the renovated LiCoO2 was characterized by X-ray diffraction pattern analyses (XRD, Bruker
D8 Advance, Germany). The diffractometer equipped with
Cu Kα radiation (λ = 1.5406 Å), employing a scanning rate
of 0.02° s-1 and 2θ ranges from 10° to 80°. The accelerating voltage was set at 40 kV with a 40 mA flux. Diffraction
patterns were compared with reference data in the ICDD
PDF-2 database. The Raman spectra were employed to
identify the crystalline phase of the used and renovated
LiCoO2 at room temperature using a Rainshaw Invia triple
spectrometer. The wavelength of the Ar/Cr laser used for
this experiment was 5145 Å. The particle size and morphology of the LiCoO2 powders were measured by scanning electron microscopy (SEM, Hitachi S-4800, Japan)
with an accelerating voltage of 20 kV.
Electrochemical tests were carried out at room temperature using coin cells. The renovated LiCoO2 powders
were mixed with 10 wt% acetylene black (AB) and 10 wt%
PVDF binder dissolved in N-methyl-2-pyrrolidone (NMP)
until a slurry was obtained. The slurry was laminated on
an Al foil using a blade. The electrolyte was a 1M solution of LiPF6 in ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1, wt%) obtained from Zhangjiagang
Guotai-Huarong new chemical material Co., Ltd. The anode was a lithium foil. CR2025-type coin cells were assembled in an Ar-filled glove box. Charge/discharge cycle
tests were performed using BTS-5V1A (Neware Co., Ltd,
China) at a constant current density and at the C/5, 1C and
5C rate between 2.8 and 4.2 V.
3. RESULTS AND DISCUSSION

FIGURE 1 - Schematization of renovated LiCoO2 cathode material
using the ultrasound technology.

Figure 3 presents the XRD patterns of the used and renovated LiCoO2 powders. It can be observed from Fig. 3
that all the patterns can be indexed to the α-NaFeO2 struc-
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ture (JCPDS No. 50-0653), as all the fingerprint peaks,
viz., 003, 101, 006, 012, 104, 108, 110, and 113, are
clearly assignable. It has been reported that the changes in
layer occupancy have a direct effect on the XRD patterns,
such as the split of the (006) and (012), and (108) and (110)
lines, and the integrated intensity ratios I(003)/I(104) [27].
As can be seen, both XRD patterns have a perfect
006/102 and 108/110 doublet splitting as seen in pristine
LiCoO2 [28], and, therefore, could be inferred to have
perfect layering involving the metal ions and oxygen
atoms [29].

it can be obviously observed floccules do not appear in the
SEM image of renovated LiCoO2. Obviously, it can be
considered that most of the PVDF has decomposed under
ultrasonic irradiation. Furthermore, the particles of the used
LiCoO2 powder were larger than those of the renovated
LiCoO2. Used LiCoO2 powder has irregular morphologies
compared with renovated LiCoO2 powder, and seems to
contain larger agglomerates as well.

FIGURE 3 - X-ray diffraction patterns for (a) the used LiCoO2
powder and (b) the renovated LiCoO2 powder.

Some researchers [30-32] used the intensity ratio of
the (003) to (104) lines to indicate the cation mixing of
the layered structure, which has strong influences on the
electrochemical properties. Cation disordering occurs into
the structure via exchange of Li and Co ions between 3a
and 3b sites, and increased cation disordering can be identified by the decreasing intensity ratio of (003) to (104)
peaks [33]. As shown in Fig. 3, the relative intensities of
the (003) reflections are higher than that of the (104) reflections for the used LiCoO2 phase, and the renovated LiCoO2
phase. This reveals that both used and renovated LiCoO2
powders maintain the desirable ordering between the Li
and Co.
On the other hand, the intensity ratio between the
(003) and (104) reflections vary significantly during lithium insertion/extraction in LiCoO2 [31]. It is convenient to
use the I(003)/I(104) value as an indicator of repeated Liinsertion and extraction capacities, the higher the I(003)/
I(104) value, the better the Li-insertion and extraction capacities. The I(003)/I(104) value of the renovated LiCoO2
is larger than that of the used LiCoO2, indicating that the
renovated LiCoO2 sample has a good prerequisite for
achieving reasonable Li insertion and extraction capacities.
SEM images of used and renovated LiCoO2 samples
are given in Fig. 4. The floccules are PVDF adhered to the
used LiCoO2 particle surfaces (Fig. 4(a)). From Fig. 4(b),

FIGURE 4 - SEM images for the morphology of (a) the used LiCoO2
powder and (b) the renovated LiCoO2 powder.

The morphology difference between the used and the
renovated LiCoO2 was mainly caused by the ultrasonic
radiation. Cavitation cannot only lead to the production of
free radicals but also the occurrence of microstreaming.
The former can promote organic degradation (such as organic electrolyte and PVDF), and the latter is able to accelerate the heat and mass transfer process accompanying the
renovation process. Shock waves from cavitation in liquidsolid slurries produce high-velocity interparticle collisions.
Hence, used LiCoO2 agglomerates can easily be broken
when subjecting to alternating acoustic stress; consequently,
leading to products of smaller crystal size. Such kind of
reduction in particle size indicates that the lithium ions
could easily insert and extract due to reduction in path
lengths. It is believed that good crystallinity, size homogeneity, and narrow size distribution are important parameters to achieve a higher electrode activity [34].
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After removal of organic residues by MNP and methylene chloride, the structures of the used and renovated
LiCoO2 powders were confirmed by Raman spectroscopy.
The Raman spectra for both the used and renovated
LiCoO2 phases are compared in Fig. 5. As seen in Fig.
5(a), the used LiCoO2 exhibits two characteristic bands of
Eg, and A1g at 455 and 592 cm−1, respectively, from R3m
lattice symmetry. Furthermore, the used LiCoO2 exhibits
two other bands around 508 and 678 cm−1 originating from
Fd3m symmetry. As shown in Fig. 5(b), the renovated
LiCoO2 phase exhibits two Raman active modes of Eg and
A1g at 489 and 594 cm−1, respectively. Two Raman bands
at 471 and 584 cm−1 for the prepared material agree with
those of the layered LiCoO2 phase (space group R-3m),
which offer more active positions for lithium ion intercalating/deintercalating.

be seen that the charge capacity in the first cycle was
132.2 mAh g-1, the discharge capacity was 131.9 mAh g-1,
and discharge efficiency was nearly 100 %. The efficiency did not reach 100 %, probably due to the oxidation of
the solvent. The cell retains 97.2 % of the original discharge capacity at the 50th cycle, denotative of a relatively
low capacity fade behavior. At 1C discharge current rate,
the initial discharge capacity was 123.9 mAh g-1, and the
capacity retention was 94.9 % after 50 cycles. At 5C discharge current rate, the initial discharge and capacity
retention after 50 cycles were 112.4 mAh g-1 and 83.2 %,
respectively. It means that the renovated LiCoO2 phase is
simply obtained by ultrasonic irradiation, and its battery
performance is quite encouraging.

FIGURE 6 - Charge–discharge characteristics of the LiCoO2 powder at C/5, renovated by ultrasonic irradiation.

4. Conclusions
FIGURE 5 - Raman spectra for (a) the used LiCoO2 powder and (b)
the renovated LiCoO2 powder.

Of particular interest observed in Figs. 5(a) and (b) is
a remarkable spectral variation of the film by ultrasonic
irradiation. The cubic spinel phase appears to change to the
layered hexagonal phase by ultrasonic irradiation. This
apparent change is due to a cation rearrangement in the
LiCoO2. The order-disorder transition for the hexagonal
phase is predicted to occur at ~4850 °C [35-37], quite well
above the melting point of this material. Ultrasonic cavitation causes high-energy chemistry. During cavitation, these
localized hot spots have temperatures of roughly 5000 °C,
pressures of about 500 atmospheres, and lifetimes of a
few microseconds [26]. Ultrasonic irradiation was able to
instantaneously heat the sample as high as ~4850 °C,
which is sufficient to melt LiCoO2 and lead to cation
rearrangement.
Figure 6 shows the 1st, 10th, 20th, 30th, 40th and 50th
charge–discharge curves of the renovated LiCoO2 phase
at C/5 rate. The charge and discharge curves in the limited
voltage range between 2.8 and 4.2 V, which is well compatible with the voltage cut-off in the current commercial
lithium ion batteries. From the data given in Fig. 6, it can

We developed a simple method for the renovation of
used LiCoO2 electrodes from the spent LIBs based on the
characteristics of ultrasonic cavitation. In the present work,
used LiCoO2 cathode material was successfully renovated
using ultrasound technology in 2.0 M LiOH solution at
room temperature for 12 h. The renovated LiCoO2 is an
ordered crystalline layer compound, which is the most
widely used cathode material in commercial LIBs. The
cycling test (at 5/C rate) showed that the initial discharge
capacity of renovated samples and capacity retention after
50 cycles are 131.9 mAh g-1 and 97.2 %, respectively.
ACKNOWLEDGEMENTS
The authors gratefully acknowledge the financial support from the National Natural Science Foundation of China (Grant No. 51078286), the National Key Technology
R&D Program of China (Grant No. 2008BAC46B02), the
Excellent Youth Foundation of Anhui Education Department (Grant No. 2011SQRL110), and the Natural Science
Foundation of Anhui Education Department (Grant No.
KJ2011z053).

1757

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

REFERENCES
[1]

Ra, D.I., Han, K.S. (2006). Used lithium ion rechargeable
battery recycling using Etoile-Rebatt technology. Journal of
Power Sources 163 (1), 284-288.

[16] Catillo, S., Ansart, F., Laberty-Robert, C., Portal, J. (2002).
Advances in the recovering of spent lithium battery compounds. Journal of Power Sources 112 (1), 247-254.
[17] Lain, M.J. (2001). Recycling of lithium ion cells and batteries. Journal of Power Sources 97/98, 736-738.

[2]

Bahgat, M., Farghaly, F.E., Abdel Basir, S.M., Fouad, O.A.
(2007). Synthesis, characterization and magnetic properties
of microcrystalline lithium cobalt ferrite from spent lithiumion batteries. Journal of Materials Processing Technology
183 (1), 117-121.

[18] Mantuano, D.P., Dorell, G., Elia, R.C.A., Mansur, M.B.
(2006). Analysis of a hydrometallurgical route to recover
base metals from spent rechargeable batteries by liquid-liquid
extraction with Cyanex 272. Journal of Power Sources 159
(2), 1510-1518.

[3]

Liu, Y.J., Hu, Q.Y., Li, X.H., Wang, Z.X., Guo, H.J. (2006).
Recycle and synthesis of LiCoO2 from incisors bound of Liion batteries. Transactions of Nonferrous Metals Society of
China 16 (4), 956-959.

[19] Nan, J., Han, D., Yang, M., Cui, M., Hou, X. (2006). Recovery of metal values from a mixture of spent lithium-ion batteries and nickel-metal hydride batteries. Hydrometallurgy 84
(1/2), 75-80.

[4]

Fouad, O.A., Farghaly, F.I., Bahgat, M. (2007). A novel approach for synthesis of nanocrystalline γ-LiAlO2 from spent
lithium-ion batteries. Journal of Analytical and Applied Pyrolysis 78 (1), 65-69.

[5]

Paulino, J.F., Busnardo, N.G., Afonso, J.C. (2008). Recovery
of valuable elements from spent Li-batteries. Journal of Hazardous Materials 150 (3), 843-849.

[6]

[7]

[8]

[9]

Shin, S.M., Kim, N.H., Sohn, J.S., Yang D.H., Kim Y.H.
(2005). Development of a metal recovery process from Li-ion
battery wastes. Hydrometallurgy 79 (3/4), 172-181.
Contestabile, M., Panero, S., Scrosati, B. (2001). A laboratory-scale lithium-ion battery recycling process. Journal of
Power Sources 92 (1/2), 65-69.
Zhang, P., Yokoyama, T., Itabashi, O., Suzuki, T.M., Inoue,
K. (1998). Hydrometallurgical process for recovery of metal
values from spent lithium-ion secondary batteries. Hydrometallurgy 47 (2/3), 259-271.
Lee, C.K., Rhee, K.I. (2003). Reductive leaching of cathodic
active materials from lithium ion battery wastes. Hydrometallurgy 68 (1/3), 5-10.

[10] Nan, J., Han, D., Zuo, X. (2005). Recovery of metal values
from spent lithium-ion batteries with chemical deposition and
solvent extraction. Journal of Power Sources 152 (1), 278284.
[11] Sakultung, S., Pruksathorn, K., Hunsom, M. (2007). Simultaneous recovery of valuable metals from spent mobile phone
battery by an acid leaching process. Korean Journal of
Chemical Engineering 24 (2), 272-277.
[12] Swain, B., Jeong, J., Lee, J.-C., Lee, G.-H., Sohn, J.-S.
(2007). Hydrometallurgical process for recovery of cobalt
from waste cathodic active material generated during manufacturing of lithium ion batteries. Journal of Power Sources
167 (2), 536-544.
[13] Swain, B., Jeong, J., Lee, J.-C., Lee, G.-H. (2008). Development of process flow sheet for recovery of high pure cobalt
from sulfate leach liquor of LIB industry waste: A mathematical model correlation to predict optimum operational conditions. Separation and Purification Technology 63 (2), 360369.

[20] Kim, D.S., Sohn, J.S., Lee, C.K., Lee, J.H., Han, K.S., Lee,
Y.I. (2004). Simultaneous separation and renovation of lithium cobalt oxide from the cathode of spent lithium ion rechargeable batteries. Journal of Power Sources 132 (1/2),
145-149.
[21] Li, J.G., Zhao, R.S., He, X.M., Liu, H.C. (2009). Preparation
of LiCoO2 cathode materials from spent lithium-ion batteries.
Ionics 15 (1), 111-113.
[22] Li, J.H., Shi, P.X., Wang, Z.F., Chen, Y., Chang, C.C.
(2009). A combined recovery process of metals in spent lithium-ion batteries. Chemosphere 77 (8), 1132-1136.
[23] Bok, J.S., Lee, J.H., Lee, B.K., Kim, D.P., Rho, J.S., Yang,
H.S., Han, K.S. (2004). Effects of synthetic conditions on
electrochemical activity of LiCoO2 prepared from recycled
cobalt compounds. Solid State Ionics 169 (1/4), 139-144.
[24] Mason, T.J. (1997). Ultrasound in synthetic organic chemistry. Chemical Society Reviews 26 (6), 443-451.
[25] Merouani, S., Hamdaoui, O., Saoudi, F., Chiha, M., Petrier,
C. (2010). Influence of bicarbonate and carbonate ions on
sonochemical degradation of Rhodamine B in aqueous phase.
Journal of Hazardous Materials 175 (1/3), 593-599.
[26] Suslick, K.S. (1990). Sonochemistry. Science 247 (4949),
1439-1445.
[27] Dahn, J.R., Sacken, U.V., Michal, C.A. (1990). Structure and
electrochemistry of Li1±yNiO2 and a new Li2NiO2 phase with
the Ni(OH)2 structure. Solid State Ionics 44 (1/2), 87-97.
[28] Gopukumar, S., Jeong, Y., Kim, K.B. (2003). Synthesis and
electrochemical performance of tetravalent doped LiCoO2 in
lithium rechargeable cells. Solid State Ionics 159 (3/4), 223232.
[29] Zou, M.J., Yoshio, M., Gopukumar, S., Yamaki, J. (2003).
Synthesis of high-voltage (4.5 V) cycling doped LiCoO2 for
use in lithium rechargeable cells. Chemistry of Materials 15
(25), 4699-4702.
[30] Luo, X.F., Wang, X.Y., Liao, L., Gamboa, S., Sebastian, P.J.
(2006). Synthesis and characterization of high tap-density
layered LiNi1/3Co1/3Mn1/3O2 cathode material via hydroxide
co-precipitation. Journal of Power Sources 158 (1), 654-658.

[14] Wang, R.Q., Lin, C.Y., Wu, S.H. (2009). A novel recovery
process of metal values from the cathode active materials of
the lithium-ion secondary batteries. Hydrometallurgy 99
(3/4), 194-201.

[31] Gupta, R., Manthiram, A. (1996). Chemical extraction of lithium from layered LiCoO2. Journal of Solid State Chemistry
121 (2), 483-491.

[15] Ferreira, D.A., Prados, L.M.Z., Majuste, D., Mansur, M.B.
(2009). Hydrometallurgical separation of aluminium, cobalt,
copper and lithium from spent Li-ion batteries. Journal of
Power Sources 187 (1), 238-246.

[32] Wu, F., Wang, M., Su, Y.F., Bao, L.Y., Chen, S. (2010). A
novel method for synthesis of layered LiNi1/3Mn1/3Co1/3O2 as
cathode material for lithium-ion battery. Journal of Power
Sources 195 (8), 2362-2367.

1758

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

[33] Cho, J., Kim, Y.J., Park, B. (2001). LiCoO2 Cathode Material
That Does Not Show a Phase Transition from Hexagonal to
Monoclinic Phase. Journal of the Electrochemical Society
148 (10), A1110-A1115.
[34] Oh, I.H., Hong, S.A., Sun, Y.K. (1997). Low-temperature
preparation of ultrafine LiCoO2 powders by the sol-gel method. Journal of materials science 32 (12), 3177-3182.
[35] Song, S.W., Han, K.S., Fujita, H., Yoshimura, M. (2001). In
situ visible Raman spectroscopic study of phase change in
LiCoO2 film by laser irradiation. Chemical Physics Letters
344 (3/4), 299-304.
[36] Wolverton, C., Zunger, A. (1998). Prediction of Li Intercalation and Battery Voltages in Layered vs. Cubic LixCoO2.
Journal of the Electrochemical Society 145 (7), 2424-2431.
[37] Wolverton, C., Zunger, A. (1998). Cation and vacancy ordering in LixCoO2. Physical Review B 57 (4), 2242-2252.

Received: October 05, 2011
Revised: December 27, 2011
Accepted: February 07, 2012

CORRESPONDING AUTHOR
Wenzhi He
Tongji University
School of Environmental Science and Engineering
Shanghai 200092
P.R. CHINA
Phone: +86 1356 475 3913
Fax: +86 21 65989215
E-mail: hithwz@163.com
FEB/ Vol 21/ No 7/ 2012 – pages 1752 - 1757

1759

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

PHOTOOXIDATIVE DEGRADATION OF CATIONIC
DYES USING UV/H2O2 AND UV/H2O2/TiO2 PROCESS
M. Hamdi Karaoğlu1, Mehmet Doğan2,*, Mahir Alkan2 and Mehmet Uğurlu1
2

1
Muğla University Faculty of Science and Literature Department of Chemistry, Muğla/Turkey
Balikesir University Faculty of Science and Literature Department of Chemistry, 10145 Çağış-Balıkesir/Turkey

ABSTRACT
Photooxidative degradation of maxilon yellow 4GL
(MY 4GL) and maxilon red GRL (MR GRL) was studied
under different conditions. The effects of pH, TiO2 amount,
dye concentration and H2O2 concentration on the process
were investigated. Photooxidative reactions followed a
pseudo-first order kinetic equation, and the rate constants
(k) of reactions were found to be in the range of 0.00660.1152 and 0.0001-0.0689 min−1 for MY 4GL and MR
GRL, respectively. Color removal of both dyes increased
with increasing H2O2 concentration and the catalyst amount.
The degradation of MY 4GL was found to increase with
increase of pH from 3 to 5, but a further increase in pH
led to decrease in decolorization. On the other hand, in the
case of MR GRL, the decolorization decreased with the
increase of pH from 3 to 9 but the highest efficiency was
observed at pH 3.0. These results revealed that photooxidative degradation was very effective for the decolorization of cationic dyes from aqueous solutions.

KEYWORDS: Cationic dyes, photooxidative degradation, decolorization, kinetics

1. INTRODUCTION
Synthetic dye residuals are major industrial pollutants
and water contaminants [1]. Dyes are toxic to some organisms and, hence, harmful to aquatic animals. Furthermore,
the expanded uses of dyes have shown that some of them
and their reaction products, such as aromatic amines, are
highly carcinogenic and possess complex aromatic structure [2-4]. Hence, conventional biological treatment methods are ineffective for decolorization and degradation of
dyes [5]. Previous studies have shown that traditional
physical and chemical techniques, such as adsorption on
activated carbon, coagulation, reverse osmosis and ultrafiltration, can be efficiently used to remove dyes from textile
wastewaters [6, 7]. However, these processes are consid* Corresponding author

ered as non-destructive since they merely transfer the dye
from liquid on solid. Consequently, the generation of the
adsorbent material and post-treatment of solid wastes, which
are expensive operations, are needed [8]. Thus, the decolorization technologies become major challenges and increasing importance [6, 9]. Recent developments of chemical
wastewater treatment resulted in a considerable improvement in oxidative degradation of organic compounds dissolved in aqueous media [6, 10, 11]. Among these methods
called advanced oxidation processes (AOPs), homogenous
chemical oxidation using UV radiation in the presence of
H2O2 seems to be a very promising technique [12]. The
mechanism of dye destruction in UV/H2O2 process is based
on the formation of a very reactive hydroxyl radical (•OH)
that can oxidize a wide range of organic compounds [13].
The main advantages of this process are that no additional
disposal problems are generated after the completion of
the above treatment, and they are non-selective to a very
wide range of chemicals [14]. The chemical oxidation treatments are usually effective towards the destruction of chromophoric structures of dyes. In this way, the water coloration is removed, but often a complete mineralization is not
achieved [5]. Heterogeneous photocatalysis is thought to
be one of the most emerging oxidation technologies due
to the lack of limitations in mass transfer, the ability to be
carried out at ambient conditions and to completely degrade many organic pollutants [4]. In the present study,
we investigated the effect of pH, TiO2 amount, dye concentration and H2O2 concentration on the photooxidative
degradation process of MR GRL and MY 4GL dyes to
determine the optimal degradation conditions, which are
essential for any application process.
2. MATERIALS AND METHODS
2.1. Materials

All chemicals were of analytical reagent grade and
used without further purification. The chemical structures
of MY 4GL and MR GRL are illustrated in Fig. 1. Titanium dioxide was Degussa P25 (Merck/Germany), primarily anastase, and had a BET surface area of 50 m2/g and an
average particle size of 30 nm. Distilled water was used
throughout the work.
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FIGURE 1 - Chemical structures of a) MY 4GL and b) MR GRL

2.2. Experimental method

The experiments were carried out in a batch photoreactor provided with magnetic stirrer and an opening for
supply of molecular oxygen. A mercury lamp (OSRAM
Ultra Vitalux 300 W, 280-315 nm) was used as UVB radiation source (Fig. 2). All irradiation was carried out at a
constant stirring speed. The temperature of the wastewater
was controlled and adjusted to 25 °C by a thermostat pump
in conjunction with a cooler. As parameters, pH, TiO2
amount, dye concentration and H2O2 concentration were
selected in all experiments. The pH of the solution was
adjusted with NaOH or HCl solutions by using a pH-meter
equipped with a combined electrode. The photooxidative
experiments were carried out by agitating 500 ml of dye
solution at constant dye concentration, constant stirring
speed, 25 °C and natural pH of solution.

6

1.
2.
3.
4.
5.
6.
7.

Wastewater/TiO2
Magnetic stirrer
Air pump
Thermostat pump
Coolant fluid
UV-lamp
Isolated medium

were analyzed using a 1601 UV–Vis spectrophotometer
(Shimadzu) by monitoring the absorbance changes at 410
and 531 nm for MY 4GL and MR GRL, respectively. Calibration curves were plotted between absorbance and concentration of the dye solutions. In the calculation, Co is
initial concentration of dyes, and Ce is that of dyes at any
times. All experiments were performed in triplicate to show
averaged values on graphs.
3. Results and Discussion
3.1. Effect of pH

Solution pH is one of the most important parameters
affecting dye removal. The effect of different initial pHs
on the decolorization of MY 4GL and MR GRL is presented in Fig. 3. It is interesting to note that the decolorization of MY 4GL was found to increase with increase of
pH from 3 to 5, but a further increase in pH led to a decrease in decolorization. On the other hand, in the case of
MR GRL, the decolorization decreased with the increase
of pH from 3 to 9. Under alkaline conditions, H2O2 deprotonates with formation of H 2O 2/HO 2- equilibrium. The
HO2- species react with non-dissociated molecules of H2O2
according to Eq. (1), which leads to dioxygen and water,
instead of producing hydroxyl radicals under UV radiation.
Therefore, the instantaneous concentration of OH• is lower.
•

HO 2 + H 2O 2 → H 2O + O 2 + HO•
FIGURE 2 - Schematic diagram of the photooxidative reactor
system used for the irradiation experiments
2.3. Measurement

Two ml of samples were drawn at suitable time intervals. The samples were then centrifuged for 315 min at
2 in the supernatant solution
5000 rpm, and concentrations

(1)

The highest efficiency was observed at pH 3.0. The increasing degradation rate of organic compounds at this
acidic pH can be possibly explained on the basis that HO2•
radicals can be formed, compensating the decrease in generated OH• radical concentration. Similar results were also
reported for CI Fast Green FCF (1) and CI Acid Blue 1 [15].
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Then, these formed radicals perform the color removal according to equations (5)-(8):
(5)
O −2 + H 2 O → H 2 O 2

H2O2: 19.5 mM
Co4x10-5 mol/L

MY 4GL

0.5

3
5
7
9

0.4

H 2 O 2 → 2HO •

(6)

HO • + Dye → Dye oxidation

(7)

Dye + e → Dye reduction

(8)

−
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1

b)

0.9

MR GRL

As seen from Fig. 4, the photooxidative degradation
efficiency of both dyes was slightly increased by increasing photocatalyst amount. This can be explained in terms
of accessibility of active sites on TiO2 surface and the
light penetration through the solution. The accessibility of
active sites increases by increasing catalyst loading [16].
Similar results were also reported in other studies on dyes
[17-19].
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FIGURE 3 - Effect of solution pH on the degradation of a) MY 4GL
and b) MR GRL.
1

3.2. Effect of TiO2 amount

TiO 2 + hv → e + h
−
cb

+
vb

0.7
0.6
0.5

50

60

19.5 mM
5.98
4x10-5 mol/L
0
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0.2000

0.4
0.3
0.2
0.1
0
0

(3)

H2 O2 :
pH
:
Co
:
TiO2 (g/L)
■:
Δ:
●:
○:

MR GRL

0.8

(2)

where, ech- and hvb+ are the electron gaps in the conduction band and valence band, respectively. The electrons in the conduction band and valance band may migrate
to enter these gaps in order to give a redox reaction of the
other species on the surface of the catalyst. According to
Equations (3) and (4), hvb+ forms hydroxyl radicals with
H2O on the surface, and ecb- superoxide radicals with O2.

H 2 O + h +vb → HO ⋅ + H +

b)

0.9

Ce/C0

TiO 2 is one of the most common catalysts used in
photocatalytic removal of dyes. The effect of TiO2 amount
on the photooxidative degradation of MY 4GL and MR
GRL was studied in the range of 0.0125-0.0.0500 and
0.0250-0.2000 g/L at optimized oxygen flux and solution
temperature, respectively, and the results obtained are
presented in Fig. 4. The electrons of TiO2 under UV light
pass from valence band to conduction band and form the
electron hole pair. In this case, the color removal rate by
catalyst can be given as follows:

40

t (min)

10

20

30

40

50

60

t (min)

FIGURE 4 - Effect of TiO2 amount on the degradation of a) MY
4GL and b) MR GRL.
3.3. Effect of dye concentration

Figure 5 shows the effect of dye concentration on the
degradation of MY 4GL and MR GRL. From Fig. 5, it is
evident that the decolorization efficiency decreases, while
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the amount of dyes actually removed from the solution
increases, with increasing initial dye concentrations from
2x10-5 up to 8x10-5 mol/L. At high dye concentrations, the
penetration of photons entering the dye solution decreases,
so that an inner filter effect is induced and, hence, the solution becomes more and more impermeable to UV radiation.
Consequently, hydroxyl radical concentration decreases
[6].
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pH
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0.4

0
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H 2 O 2 + O •2 − →• OH + OH − + O 2

Figure 6 shows the effect of H2O2 concentration on
the degradation of MY 4GL and MR GRL. Decolorization of MY 4GL and MR GRL were markedly increased
by increasing H2O2 levels. The reaction rate was maximal
with increase of H2O2 from 1.95 to 39.1 mM. This result
has shown that the hydroxyl radicals formed under UV
light oxidize dye molecules to colorless compounds or
break them up.

1

a)

orization of dyes due to more efficient generation of hydroxyl radicals and inhibition of electron/hole (e−/h+) pair
recombination according to the following equations [24]:
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FIGURE 5 - Effect of initial dye concentration on the degradation of
a) MY 4GL and b) MR GRL.

0.3
0.2

3.4 Effect of H2O2 concentration

Hydrogen peroxide has different effects on organic
decomposition depending on its concentration and nature
of reductant [18-20]. In this process, hydrogen peroxide
breaks up hydroxyl radicals under UV light, and then, either
these hydroxyl radicals formed transform the dye molecules
to colorless compounds or break up the dye molecules. At
optimal concentration, H2O2 increases the formation rate
of hydroxyl radicals in two ways. Firstly, the reduction of
H2O2 by the conduction-band electrons would produce
hydroxyl radicals. Secondly, UV photolysis would also lead
to decomposition producing hydroxyl radicals [21-23].
Hydrogen peroxide has been found to enhance the decol-

0.5

0.1
0
0

10

20

30

t (min)

FIGURE 6 - Effect of H2O2 concentration on the degradation of a)
MY 4GL and b). MR GRL
3.5. Kinetics analysis of photooxidative degradation

The color removal rate of dyes is determined from the
pseudo-first-order rate expression as follows:

− ln Ce CO = kt
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where, k is pseudo-first order kinetic rate constant, Ce
the concentration of cationic dyes at any time, and C0
initial concentration of dyes. Values of k were calculated
from the plots of –lnCe/C0 versus t (figures not shown) for
different dye concentrations, pH values, TiO2 amounts
and H2O2 concentrations. The kinetic data were calculated
from the least square method and the related correlation
coefficients (R2 values) are given in Tables 1 and 2. The
parameters k (rate constant, min−1) and R2 (correlation

coefficient) of decolorization process are summarized in
Tables 1 and 2. Pseudo-first order kinetic equation represents the decolorization process very well (R2 values were
all higher than 0.99, indicating a very good mathematical
fit). The results in Tables 1 and 2 revealed that k increased
with increasing H2O2 level and catalyst amount. These
results are in good agreement with previous works [25].

TABLE 1 - The k and R2 values of MY 4GL under different conditions.
T
(oC)
25
25
25
25
25
25
25
25
25
25
25
25
25
25

[H2O2]
(mM)
0.00
1.95
9.79
19.50
39.10
19.50
19.50
19.50
19.50
19.50
19.50
19.50
19.50
19.50

Parameters
[C0]
(mol/L).105
4
4
4
4
4
2
8
4
4
4
4
4
4
4

Pseudo-first order model
pH

TiO2 (g/L)

k (min-1)

R2

4.50
4.50
4.50
4.50
4.50
4.50
4.50
3
5
7
9
4.50
4.50
4.50

0
0
0
0
0
0
0
0
0
0
0
0.0125
0.0250
0.0500

0.0066
0.0262
0.0541
0.0675
0.0796
0.0749
0.0386
0.0617
0.0726
0.0618
0.0556
0.0984
0.0953
0.1152

0.991
0.993
0.993
0.987
0.990
0.996
0.989
0.980
0.994
0.989
0.988
0.966
0.982
0.979

TABLE 2 - The k and R2 values of MR GRL under different conditions.
T
(oC)
25
25
25
25
25
25
25
25
25
25
25
25
25
25

[H2O2]
(mM)
0.00
1.95
9.79
19.50
39.10
19.50
19.50
19.50
19.50
19.50
19.50
19.50
19.50
19.50

Parameters
[C0]
(mol/L).105
4
4
4
4
4
2
6
4
4
4
4
4
4
4

Pseudo-first order model
TiO2
(g/L)
0
0
0
0
0
0
0
0
0
0
0
0.0250
0.0500
0.2000

pH
5.83
5.83
5.83
5.83
5.83
5.83
5.83
3
5
7
9
5.83
5.83
5.83

4. CONCLUSIONS
Cationic dyes were successively removed from aqueous solutions by photooxidative degradation in the presence of H2O2 and UV illumination. The effects of pH,
TiO2 amount, dye concentration and H2O2 concentration
on process were investigated. The results obtained have
been summarized as follows:
• Color removal of both dyes increased with increasing
H2O2 concentration and the catalyst amount.

k (min-1)

R2

0.0001
0.0053
0.0122
0.0154
0.0235
0.0343
0.0065
0.0196
0.0188
0.0178
0.0168
0.0558
0.0546
0.0689

0.417
0.997
0.994
0.995
0.996
0.984
0.985
0.997
0.998
0.998
0.999
0.968
0.977
0.992

• Color removal of both dyes decreased with increasing
dye concentration.
• The decolorization of MY 4GL was found to be increased with increase of pH from 3 to 5, but a further
increase in pH led to decrease in decolorization. On
the other hand, in the case of MR GRL, the decolorization decreased with pH increase from 3 to 9, but the
highest efficiency was observed at pH 3.0.
• Pseudo-first order model represented the decolorization process very well.
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ABSTRACT
Natural water circulation is closely related to artificially water cycle and their hydraulic connection is of great
significance to the sustainable use of water resources. Based
on the binary water cycle theory of natural – artificial and
watershed water balance as a guide, Manas river basin was
studied water cycle model (ABMBC), where interaction
mechanism in the binary mode was analyzed. Calculation
for water cycle flux in the changing environment of Manas river basin was combined with the calculation method
for GIS to identify the reasonable proportion flux between
natural water circulation flux and artificial cycle flux in
Manasi river basin. Water flux analysis for different years
combined with different ecological environment and economic development, revealed that the natural and artificial
water flux coordination proportion was 33:65. Therefore, in
order to maintain and improve Manasi River watershed
ecological environment, a volume of approximately 1.0 to
1.4 billion m3 should be discharged to the watershed
downstream each year.
KEYWORDS: Water cycle, Flux, Cover change, Manasi river
basin, Inland, Water resource, sustainable use.

1. INTRODUCTION
Due to the nature of human intervention to strengthen
capability to the changes in global climate, water cycle
model has become more complicated, with water cycle
displaying obvious binary evolutionary trends [1, 2]. During drought, water scarcity affects human activities in arid
environment. Water cycle in this area is influenced by a
range of ecological factors such as such as environmental
changes on the evolution of water cycle. Water resources
are the strength human development and utilization of
water resources has dramatically changed the ecological
environment in arid region [3]. By the end of the 20th
century, influence of climate change and human activities
* Corresponding author

on water resources has become a major concern in global
change research field for international bodies such as international hydrological program (IHP), the world's climate
research plan (WCRP), international to circle niceness
IGBP) and hydrologic cycle (the biosphere BAHC research
project [4]. The development of Alcamo j. WaterGAP
(such as Water - Assessment and Global optimization techniques Prognosis) model was the first cover of binary Water cycle model worldwide [5]. Domestically, Wang et al.
put forward the "dual water cycle" theory in 2004, and
development for the big natural river, "natural-artificial"
binary water cycle system simulation WEP - L model [6].
Wang et al. [7] in the framework "dual water cycle"
established a kind of calculation method for river water
quality and quantity of ecological water requirement. Li
and others established binary structure of the water cycle
model for TaiZiHe basin in nature "natural-artificial" and
analyzed the artificial disturbance factors that affect water
cycle [8]. Liu et al. [9] studied binary water cycle in Haihe
river basin for the regularity of evolution of the 10 key
elements, and proposed the foundation for the basin’s circulation patterns and regulation of its direction. The location of Manasi river basin in the northwest arid region of
China, has led to faster development of river basin under
the natural state due to the emergence of artificial oases,
and therefore transforming the region. Natural water cycle
differs from artificial water cycle, with additional largescale diversion channels characterizing artificial downstream runoff channel. This will produce natural circulation
flux and impact negatively on the artificial oases water flux
in Menasi river basin. Quantitative information about longterm flux variability therefore needs to be unveiled from
proxy records to view recent climatic change in a longerterm perspective. In present paper, we considered the natural changes especially due to influence of human activities
on the water cycle model and combined this with GIS watershed water flux circulating and artificial natural cycle
flux to rationalize proportions for these area. We also
looked at water resources sustainable utilization and regional economic development, social life, ecological environment protection and significance to coordinated development.
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TABLE 1 - Remote sensing image types
Data type
MSS images
TM image
TM image
CBERS images

date
1976
1987
1998
2006

Synthetic band
421
432
432
432

Reference images
2000TM
2000TM
2000TM
2000TM

Auxiliary reference
In the 1970s the topographic map of 1:100000
In the 1970s the topographic map of 1:100000
In the 1970s the topographic map of 1:100000
In the 1970s the topographic map of 1:100000

TABLE 2- Manas river basin land use/cover figure (1976, 1987, 1998, 2006) .
1976
land use

2

1987

Area(km )

%

Field

2944.37

8.79

4302.91

Woodland

4253.85

12.70

1576.24

Grass

13885.08

41.45

12339.44

Water

145.60

0.43

177.41

Sand

6852.75

20.46

5961.72

Resident

194.90

0.58

243.82

Others

5218.38

15.58

8893.48

33494.93

100.0
0

	
 

Total

1998

Area(km2)

%
12.8
5
4.71
36.8
4
0.53
17.8
0
0.73
26.5
5
	
 

2. MATERIALS AND METHODS
2.1. Remote sensing data and processing

In the present study, we used remote sensing data
from the 1976 MSS image, 1987 and the 1998 American
land satellite and 2006 TM image of CBERS images.
ERDAS9.0, a polynomial conversion equations geometric
correction within 0.5 pixels was applied using bilinear
interpolation of image.
MSS image re-sampling 57m, TM collapsed for sampling for 28.5 m, CBERS image re-sampling for 19.5 m.
In order to guarantee the precision and vector change necessary to work smoothly, the registration of cartographical.
After correction, the image of MOSIC ordered by ERDAS9.0 Mosaic. Phase iv of after mosaics of images,
the basin administrative boundary for masking extraction, as sensing work for reproduction. Combined with the
actual conditions, the watershed of Manasi river basin
covers main land use types that are divided into: farmland,
forest land, meadow, waters, settlement land, the sand, the
saline-alkali and other land in eight categories established
by ARC/INFO9.0 flat used for topological relations. There
are four periods of land cover from graphical and attribute
data.
3. RESULTS AND DISCUSSION
3.1. Research area land cover changes

2

Area(km )
5629.59
1596.14
14155.74
268.22
7194.51
272.65
4377.51
	
 

2006
%
16.8
1
4.77
42.2
6
0.80
21.4
8
0.81
13.0
7
	
 

2

Area(km )
6565.03
1637.38
10384.50
346.99
8550.89
352.51
5657.13
	
 

%
19.6
0
4.89
31.0
0
1.04
25.5
3
1.05
16.8
9
	
 

According to interpretation of the four periods of land
use/cover and the figure attribute database (Fig. 2), statistics for different years of land use/cover type shows variation in the number and area patch for different years of
the area of land use/cover.
This research shows that changes happened for nearly
30 years in Manasi river basin land use/cover. The main
land use/cover type is grass, sand and arable land. There
was an increase of cultivated land, residential area and turf.
From the data, forest land, area covered by sand and the
waters area reduced the regional land use change. However these changes were different during different time. In
general, other land increased in volatility decreasing in
1989 and increasing in 2006. During the study period,
grassland was the most severely reduced followed by water, sand, and woodland sequentially. From 1976 to 2006,
there was a reduction in area covered by grassland from
13885.08 km2 to 11142.32 km2 respectively, which translates to a 20% relative reduction. Area under cultivation constantly increased from 2944.37 km2, in 1976 to
6585.87 km2 in 2006, an increase of 3641.50 km2 ((124%)
relative increase) which was in tandem with the residential
area. The area under settlement and mining exhibited an
increasing trend and this increase was obviously due to
population increase and economic development which are
the main characteristics of the study area.
3.2. Continental river basin in arid zone binary water cycle
mode

Dry river plain water balance and cycle simulation
Model ABMBC (Arid Cycling Model) was applied for
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comprehensive consideration of natural processes and human activities on the influence of water cycle. Analysis of
the precipitation, surface water and groundwater, and soil
water transformation between four water cycle simulations
revealed a transformed site separated out by natural water

cycle and artificial water cycle through the process of
water circulation. The generalized artificial water process
drains water through the four basic link due to evaporation and leakages. Every artificial process linked with natu-

16000
14000
1976

1987

1998

2006

10000

6

2

area（10 m ）

12000

8000
6000
4000
2000
0
cultivate

woodland

grass

waters

settlement

sand

saline

others

saline

others

FIGURE 2 - Different years land use/cover area histogram

4000
3000

area(10 6 m 2 )

2000
1000
0
-1000

cultivate

woodland

grass

waters

settlement

sand

-2000
-3000
-4000
FIGURE 3 - Different years land use/cover area increase or decrease

ral water cycle is closely related quantitatively, with each
link exhibiting specific types of evaporation and seepage.
Calculation of artificial water flux can be quantitatively
described for the watershed "natural-artificial" binary water
cycle through natural flux ratio.
Based on watershed water balance principle, dual
mode for water balance model:

R + P + QC = ET + ER + ΔW + ΔG

(1)

Where P is precipitation flux; R is surface runoff
flux; Qc is lateral supplies flux; G is the drainage for
groundwater storage quantity; W is the drainage for basin
water reservoirs and rump lake changes; ET is evaporation
for natural system; ER evaporation for artificial systems
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which includes the evaporation by artificial activities
(through human activities and ecological processes).
Assuming no consideration of groundwater in soil
water and groundwater, ignoring the change, then seal for:
the type

R + P + QC = ET + ER

(2)

In binary mode, the precipitation is still defined as
watershed water cycle in flux, Manasi river basin 80.263
total flux 108 m3/a for inter. And because the surface
runoff fluxes entering plain partly channeled by man
made canal, the expression for:

R = Ryu + Rr

(3)

Where Ryu represents runoff flux; RY stands for regional surface runoff flux.
The natural water flux can be computed as:

Wr = Ryu + P + Qc

(4)

For binary mode, Wt under natural water flux; P for
precipitation flux; For more surface lead after Ryu runoff
flux; Qc for lateral supplies flux.
When equations (2), (3) and (4) are combined, we
form

Wr = ET + ER − Rr

(5)

3.3. Typical watershed natural - artificially water flux reasonable proportion

Based on microscopic mechanism and observation of
experimental data, the macro water balance for river water resources binary evolutionary analysis results are
shown in Table 2. Analysis method involved combination
of ground hydrological observation and aerial remote
sensing information.

TABLE 2 - Groundwater evaporation Manasi river basin fixed table (mm)
Item orders

Stumpage (crown density> 30%)

Shrub (crown density > 40%)

precipitation

Quota

300
Grassland
(coverage 20% in coverage – 50%)

199.5
Low coverage lawn
(coverage in 5% - 20%)

100-200

Surface evaporation
capacity
950-1100

lakes

Reservoir

150

—

84 percent water
evaporation

90% water evaporation

Item orders
Quota

Grassland
Open woodland
Item orders
(coverage High coverage > 50%)
(crown density 10% - 30%)
Quota
350
50
Note: diving evaporation quota was quoted from Chinese academy of Sciences with great consultation from projects on construction of ecological
environment and water resources allocation of sustainable development strategy research.
TABLE 3 - Natural water flux
1976
Sequence number

Item orders

Evaporatin
quantity
(108m3/a)

1

Stumpage

4.06

2

Shrub

1.76

1987

1998

2006

Evaporatin
quantity
(108m3/a)

Evaporatin
quantity
(108m3/a)

4.32

5.16

2.05

1.47

1.30

1.33

Evaporatin
quantity
(108m3/a)

3

Open woodland

0.00

0.23

0.09

0.02

4

High coverage grass

20.51

22.03

25.37

18.10

5

Coverage in grassland

9.92

5.14

7.23

7.45

6

Low coverage grass

3.13

3.02

2.13

2.34

7

Lake poisson

6.28

6.44

1.80

2.26

8

Water library

0.63

0.79

0.83

1.12

Total evaporation quantity

46.30

37.01

43.91

34.66

Lead surface runoff flux

11.0

13.2

17.79

13.15

Natural water flux

35.30

23.81

26.12

21.51

Artificially water flux

44.96
43.98:56.02

56.45
29.67:70.03

54.14
32.54:67.46

58.75
26.80:73.2

Water cycle flux (natural: artificially)
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4. CONCLUSION

Geol, 4, 111-118.

In recent 30 years the land use and cover has led to
changes in Manasi river basin. The main land cover is
grass, sand and arable land. Cultivated land, water and
sand have increased as well as residential land and turf.
Forest land has reduced and this has changed the regional
land use since it’s the main features by impacting different changes during different periods.
Basin area has expansive artificial oases, which aids
in returning of high volume of water to the natural oases
and the transitional zone. This has lead to an expansion of
the natural landscape as well as the area under desert.
Expansion of the area occupied by the artificial oases has
led to a decrease of the natural ecological area which has
an overall effect of increasing desertification.
Manasi river basin has a precipitation flux of 80.263
x 108m3/a where natural water cycle flux has been strongly interfered by human activities. The portion occupied by
the basin has been reducing year by year due to expanding
artificial water flux that is bound to lead to a reduction in
natural water cycle. This will also indirectly create a transitional zone, and in turn reduce the natural oases. If irrigation is not controlled, more water will be utilized and
thus reducing available water downstream.
In order to maintain and improve Manasi River watershed ecological environment, a volume of approximately
1.0 to 1.4 billion m3 should be discharged to the watershed downstream each year. We therefore conclude that
water cycle and its related process is necessary for the
long-term stability of the sustainability of water resources.
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ABSTRACT

1. INTRODUCTION

Dye wastewater pose high pH and strong color to the
environment. Single process for treatment of dye
wastewater would be inefficient. Large amount of dosages
for neutralization and chemical treatment are required,
leading to the rapid increase of the cost of treatment. In
this study, a combined adsorption/coagulation process
was studied by using magnesia as an adsorbent and
polyaluminum chloride (PACl) as a coagulant. The removal of C.I.Reactive Red 120 was optimized using response surface methodology (RSM). The effect of treatment sequence, pH, dosages and initial dye concentration
were investigated. It was indicated that dosing magnesia
before PACl was more efficient than dosing PACl before magnesia. The optimal conditions obtained were as
follows: magnesia dosage 2.5 gl-1, PACl dosage 15×10-3
gl-1 and pH 12.0. Under the optimal conditions, more than
80% of dye removal efficiency was achieved as the initial
dye concentration increased from 0.1 to 2 gl-1. Based on
these results, low-cost materials were applied and the
dosages were optimized. The adsorption/coagulation
process was considered to be cost-effective. The disadvantages of a single process were overcome and significant dye removal efficiency was obtained in the alkaline
pH range. Therefore, alkaline dye waste was quite suitable to be treated with the process without neutralization.
KEYWORDS: adsorption; coagulation; response surface methodology (RSM); C.I.Reactive Red 120; magnesia; polyaluminum
chloride (PACl)

With rapid development of textile industries, considerable amounts of alkaline dye wastewater are generated.
* Corresponding author

Reactive dyes, which are highly soluble and non-biodegradable in alkaline water, could pass through conventional treatment and decompose into partially carcinogenic
aromatic amines [1]. The presence of even low concentrations of reactive dyes could be still visible. Unfortunately,
the presence of the degradation products causes severe
damage to kidney, reproductive system, liver, brain and
central nervous system [2]. Reactive dyes are considered
to be the most problematic compounds in the treatment of
dye wastewater.
Dye wastewater should therefore be completely treated
before being released into the environment. Conventional
methods, including adsorption, coagulation, oxidation, filtration and biological treatment, have been extensively used.
Single adsorption and coagulation have been applied for
dye wastewater treatment in terms of simplicity in operation. However, the high cost of adsorbents and difficulty in
solid/liquid separation have made adsorption less attractive,
and coagulation is less efficient in removing reactive dyes
due to the highly water soluble nature of the dyes [3].
Hence, the removal of reactive dyes in wastewater through
single treatment has not been very effective. Moreover,
alkaline dye wastewater has to be neutralized before chemical treatment. High amount of chemical dosages are required and large volume of sludge is produced, which re-
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sulted in relatively high cost of conventional treatment.
Therefore, combined process has been proposed. Disadvantages of single treatment would be overcome and
overall performance would be enhanced. Limited studies
are reported on the treatment of dyes by a combined adsorption/ coagulation process [4, 5].
Magnesia, here referred to caustic-calcined magnesia,
displays preferred adsorptive capacity or activity for sulfur
dioxide [6], boron [7], naphthenic acid [8], fluoride [9],
ammonium and phosphate removal [10] and catalysis [11].
Although, magnesium salts have been employed to treat
dye wastewater effectively [12, 13], the use of magnesia,
in the form of MgO or MgO rich materials (85%), has
been seldom reported. Additionally, low-cost magnesia is
abundant in the region around Haicheng, China, where
textile is the mainstay of local industry. Employing magnesia for dye removal is quite suited to local conditions.
In this study, magnesia as an adsorbent and polyaluminum chloride (PACl) as a coagulant was used in a combined adsorption/coagulation process for removal of C.I.
Reactive Red 120. Response surface methodology (RSM),
was applied to optimize three factors, including magnesia
dosage, PACl dosage and pH [14]. Effects of each factor
and their interactions were also identified. Furthermore, the
performance of the combined process was studied under
the optimal conditions as initial concentration of C.I. Reactive Red 120 increased.
2. MATERIALS AND METHODS
2.1. Materials

Commercial C.I.Reactive Red 120 was purchased
from Beijing Topnew Group, China. The type, molecular
structure and the maximum absorbance wavelength (λmax)
of the dye is shown in Table 1. Magnesia (MgO%: 85%)
was supplied from Haicheng Chemicals Co., Ltd., China.
Polyaluminium chloride (PACl) (Al2O3%: 10%, Basicity:
45%) was supplied from Shandong Zhongke Tianze Purification Materials Co., Ltd., China. These materials were
commercial products.

30 min. After sedimentation, an aliquot of supernatant sample was collected and examined for the dye concentration.
Adsorption experiments required an additional filtration
step with filter papers before measurement. Samples were
measured for the concentration of C.I.Reactive Red 120
by using a spectrophotometer (HACH DR-5000) at the
wavelength (λmax) of 510 nm. The dye removal efficiency
η (%) was calculated using the following equation (1):
(C − Ce )
(1)
η= i
×100(%)
Ci
where Ci is the initial C.I.Reactive Red 120 concentration (gl-1), Ce is the C.I.Reactive Red 120 concentration
of the supernatant samples (gl-1).
The overall performance of the adsorption/ coagulation
process was evaluated under the optimal conditions as
initial concentration of C.I.Reactive Red 120 increased
from 0.1 to 2 gl-1. The dye removal efficiency of the combined process was compared with the efficiency of the
single process that magnesia or PACl was dosed alone at
the same dosage.
2.3. Response surface methodology procedures

The Design Expert Software (Stat-Ease Inc., USA,
version 7.0) was used for RSM experiments design and
data analysis. The Box-Behnken statistical experiment design (BBD) [15], which is the standard design of RSM,
was used to evaluate the effects and interactions of three
factors, i.e. magnesia dosage, PACl dosage and pH on the
dye removal efficiency. Table 2 shows the BBD in the
form of a 33 full factorial design. In order to obtain the
optimum dosage and pH, the removal efficiency of C.I.
Reactive Red 120 was analyzed as response. This optimization process involves three major steps: (i) performing
statistically designed experiments, (ii) estimating the coefficients in a mathematical model, and (iii) predicting the
response and checking the adequacy of the model [16].
In this table, the independent variables’ levels are presented in terms of the original unit of measurement (gl-1) in
addition to coded levels. The coded values for PACl dosage (χ1), magnesia dosage (χ2) and pH (χ3) were set at
three levels: -1 (low), 0 (medium) and +1 (high).

2.2. Methods

Single process and combined process studies were
conducted using a JTY-6 laboratory stirrer. In each single
process, magnesia or PACl was dosed alone. In the combined process, magnesia and PACl were dosed in different sequence when the solution was rapidly stirred. The
combined process dosing magnesia followed by PACl
was denoted as Magnesia PACl process, and dosing PACl
followed by magnesia was denoted as PACl Magnesia
process. The concentration of C.I.Reactive Red 120 was
0.1 gl-1. The pH of the solution was adjusted with HCl
(1 mol l-1) or NaOH (1 mol l-1) after dosing. The solution
was agitated rapidly at 200 rpm for 3 min, followed by
slow stirring at 70 rpm for 15 min and sedimentation for
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TABLE 1 - Dye characteristics
Name

Type

C.I.Reactive red 120

Azo

Molecular structure

λmax

510 nm

TABLE 2 - Coded levels for three variables framed by BBD
Name

Factors

PACl (×10-3 g l-1)
Magnesia (g l-1)
pH

χ1
χ2
χ3

-1 (Low)
6
1
11

Experimental results are shown as dye removal efficiency. The quadratic equation model for predicting the
optimal conditions can be expressed according to equation (2):
m

m

m

i =1

ip j

i =1

y = β0 + ∑ βi χi + ∑ βij χi χ j + ∑ βii χi2

(2)

Where i is the linear coefficient, j is the quadratic coefficient, β is the regression coefficient, m is the number
of factors studied and optimized in the experiment.
A number of 17 experiments were necessarily carried
out for the combined process. Data were analyzed using
Design Expert 7.0 program including analysis of variances
(ANOVA), which was used for graphical analyses of the
data, to obtain the responses and the interaction between
the process variables. The adequacy of the fit of the combined process models was expressed by the coefficient of
determination (R2), adequate precision (AP) and coefficient of variance (C.V.%) in the same program.
2.4. Characterization of magnesia

The specific surface area of magnesia was determined
by N2 adsorption using a Micromeritics ASAP 2000. The
Brunauer-Emmett-Teller (BET) surface area was obtained
by applying the BET equation to the adsorption data. X-ray
diffraction (XRD) patterns of the samples were recorded on
an X-ray diffractometer (Shimadzu XRD-6000).

Coded Level
0 (Medium)
15
2.5
12

+1 (High)
24
4
13

process, 2.5 gl-1 magnesia or 15×10-3 gl-1 PACl was dosed
separately. In combined processes, 2.5 gl-1 magnesia and
15×10-3 gl-1 PACl were dosed together in different sequence. As seen from Fig. 1, dye removal efficiency of
Magnesia PACl process slightly increased with increasing
pH from 8.9 to 12.0. It was reported that coagulation at
alkaline pH was more effective when relatively high concentrations of magnesium ions are contained [17, 18]. Almost all the magnesium ions are converted into hydroxide
at the pH of 12. Magnesium hydroxide provides a large adsorptive surface area and positive electrostatic surface
charge, which serving as a coagulant or coagulant aid
through an adsorptive coagulating mechanism [18]. Magnesia PACl process showed the highest removal efficiency
while PACl showed the lowest. The optimum pH range for
removal of C.I.Reactive Red 120 by PACl was previously
reported to be 3.5-5.0 [19]. It is known that dye
wastewater from textile generally have a pH higher than
9.1. It would be difficult to treat these wastes with PACl
unless the waste was first neutralized. Magnesia PACl
process, which maintained 98% of the dye removal in the
pH range from 8.9 to 12.0, was considered better than
PACl Magnesia process. Magnesia PACl process was
considered appropriate to treat alkaline dye wastewater
without neutralization.

3. RESULTS AND DISCUSSION
3.1. The effect of pH

The effect of pH on the removal of C.I.Reactive Red
120 by magnesia, PACl, Magnesia PACl process and
PACl Magnesia process was investigated. In each single
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In Magnesia PACl process, 95% of the dye was removal when dosing 2.5 gl-1 of magnesia and 15×10-3 gl-1
of PACl, while combined the same dosage in PACl Magnesia process, 66.4% of the dye was removed. The effect
of dosing sequence of adsorbent and coagulant was significant. Magnesia PACl process was more efficient than
PACl Magnesia process in the alkaline pH range. The
right sequence of treatment is very important in order to
maximize the overall efficiency and reduce the dosage of
coagulants and adsorbent. The justification given for dosing
sequence is often one of experimental observation without

FIGURE 1 - The effect of pH on the removal of C.I.Reactive Red 120
3.2. The effect of dosage

As seen from Fig.2, the effect of dosage on the removal of C.I. Reactive Red 120 by magnesia, PACl,
Magnesia PACl process and PACl Magnesia process were
investigated. It was found that, when magnesia was dosed
alone, dye removal increased with the increase of magnesia dosage, 98% of the maximum removal efficiency was
achieved at the dosage of 10 gl-1. Large dosage of magnesia would result in large amount of sludge and dosing
magnesia alone had no precipitating effect. Correspondingly, only 60% of C.I. Reactive Red 120 was removed
when PACl was dosed alone at the dosage of 60×10-3 gl-1.
Dosing PACl merely reduced the intensity of the dye
molecules. The presence of C.I. Reactive Red 120 could
be still visible even at low concentration.
When combined magnesia with 15×10-3 gl-1 of PACl
in Magnesia PACl process, 95% of the maximum removal
efficiency was achieved when magnesia dosage was 2.5 gl-1.
It is indicated that 75% of magnesia was saved by combining coagulant. In addition, the difficulty in solid/liquid
separation was overcome by combining PACl. Clean
solution was obtained without filtration step.

FIGURE 2 - The effect of dosage on the removal of C.I. Reactive
Red 120
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certain explanation. Thus, RSM study ranges of Magnesia
PACl process were chosen as dosage 6-24×10-3 gl-1 for
PACl, dosage 1-4 gl-1 for magnesia and pH 11-13 for
further investigations.
3.3. Experimental results of RSM

The response of C.I. Reactive Red 120 removal, which
obtained from total 17 groups of Magnesia PACl process,
are summarized in Table 3.
3.4. Adequacy of the model

The results obtained were firstly analyzed by ANOVA
to assess the adequacy of fit. Data given in Table 4 demonstrated that the model was significant at the 5% confidence level since P value was less than 0.05. The quality
of the fit quadratic model was expressed by the coeffi-

cient of determination R2, which gives the proportion of
the total variation in the response predicted by the model.
The value of the coefficient of determination R2 (0.9783)
indicated that only 2.17% of the total variation could not
be explained by the empirical model. A high R2 ensured a
satisfactory adjustment of the quadratic model to the experimental data [20]. The value of adjusted R2 (0.9504)
suggested that the total variation of about 95.04% for the
removal of C.I. Reactive Red 120 was attributed to the independent variables. Adequate precision (A.P.) compared
the range of the predicted value at the design points to the
average prediction error. Ratio greater than 4 indicated
adequate model discrimination. In the present study, the
ratio was found to be 21.949, which indicated the adequate
signal. The coefficient of variance (C.V.%), which gives

TABLE 3 - BBD for the study of three experimental variables and obtained results
Runs No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

χ1:PACl (×10-3 g l-1)
6.00
6.00
24.00
15.00
15.00
24.00
6.00
15.00
24.00
24.00
15.00
15.00
15.00
15.00
6.00
15.00
15.00

Factors
χ2:Magnesia
(g l-1)
1.00
2.50
2.50
2.50
2.50
4.00
2.50
4.00
1.00
2.50
4.00
2.50
1.00
1.00
4.00
2.50
2.50

Responses
χ3:pH

Magnesia PACl process (%)

12.00
11.00
13.00
12.00
12.00
12.00
13.00
13.00
12.00
11.00
11.00
12.00
11.00
13.00
12.00
12.00
12.00

49
83
99
98
99
100
82
99
97
100
100
100
83
75
94
99
99

TABLE 4 - ANOVA results for response parameters
Response
P
R2
Adj. R2
A.P.
Magnesia PACl process
<0.0001
0.9783
0.9504
21.949
P: probability of error; R2: coefficient of determination; A.P.: adequate precision; C.V.%: coefficient of variance.

the ratio of the standard error of estimate to the mean
value of the observed response, defines reproducibility of
the model, which can be considered reproducible as its
C.V.% is not greater than 10%. Therefore, the quadratic
model could be used for the combined process.
Diagnostic plots such as the predicted versus actual
values (Fig. 3) judged the adequacy of the model. These
plots indicated an adequate agreement between real data
and the ones obtained from the models. A.P. values higher
than 4 confirmed that the predicted model can be used to
navigate the design space defined by the BBD as well.
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methodology (RSM). Sequential model sum of squares
and model summary statistics indicated that the quadratic
model provided the best fit to experimental data with the
lowest standard deviation, the highest correlation coefficient, adjusted R2 and the lowest p value. Therefore, the
quadratic model was chosen for further analysis.

Predicted vs. Actual
104.00

3
90.25

76.50

62.75

49.00
49.00

62.59

76.19

89.78

103.38

X: Actual
Y: Predicted
FIGURE 3 - Design-expert plot; predicted vs. actual values plot for
Magnesia PACl process
3.5. Quadratic model and coefficient

The relationship between three variables (PACl dosage, magnesia dosage and pH) and the response (dye
removal) for the adsorption/coagulation process (Magnesia
PACl process) was analyzed by using response surface

The statistical testing of the model was performed with
the Fisher’s statistical method for analysis of variance
(ANOVA). The results of ANOVA for response surface
quadratic model and the significance testing for the coefficient of the models in terms of coded factors were summarized in Table 5. The model F-value of 35.08 implied the
model was significant. Value of "P > F" less than 0.0500
indicated model term was statistically significant. The
results indicated that the quadratic model fitted well. The
lack of fit (LOF) F-test described the variation of the data
around the fitted model. The LOF F-value (41.50) of
Magnesia PACl process suggested significant LOF. The
large P value of lack of fit (>0.05) showed that the Fstatistic was insignificant, implying a significant model
correlation between the variables and process responses.
Significant model terms were desired to obtain a good
fit in a particular model. The reduced quadratic models in
terms of coded factors and other statistical parameters were
shown. A BBD shown in Table 5 allowed the development
of mathematical equations where each response variable Y
was assessed as a function of PACl dosage (χ1), magnesia
(χ2) and pH (χ3) and calculated as the sum of a constant,
three first-order effects (χ1, χ2 and χ3), three interaction
effects (χ1χ2, χ1χ3 and χ2χ3) and three second-order effects
(χ12, χ22 and χ32) according to Equbion (2):
y = +99.00 + 11.00χ1 + 11.13χ 2 − 1.38χ3 − 10.50χ1χ 2

(3)

+0.000 χ1χ3 + 1.75χ 2 χ3 − 6.12χ12 − 7.87 χ 22 − 1.88χ32

Value of "P>F" greater than 0.1000 indicates the
model terms were not significant. In this case, χ1, χ2, χ1χ2,
χ12, χ22 were significant model terms. Although some
terms were nonsignificant, they were still considered in
because it was a hierarchical model.

TABLE 5 - ANOVA results of the model and regression coefficients for C.I.Reactive Red 120 removal
Source
Model
Residual
LOF
P. E.
χ1
χ2
χ3
χ1 χ2
χ1 χ3
χ2 χ3
2

χ1
χ2 2

S.S
2897.99
64.25
62.25
2.00
968.00
990.12
15.13
441.00
0.000
12.25
157.96

df
9
7
3
4
1
1
1
1
1
1
1

ANOVA for Magnesia PACl process
M.S.
F
322.00
35.08
9.18
20.75
41.50
0.50
968.00
105.46
990.12
107.87
15.13
1.65
441.00
48.05
0.000
0.000
12.25
1.33
157.96
17.21

261.12
1
261.12
2
14.80
1
14.80
χ3
S.S. :Sum of Squares; M.S. : Mean Square; LOF: The lack of fit; P.E.: Pure Error
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28.45
1.61

P>F
<0.0001
0.0018
<0.0001
<0.0001
0.2401
0.0002
1.0000
0.2859
0.0043
0.0011
0.2447

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

Design-Expert?Software

3.6. Process analysis

Removal
100
105

Actual Factor
C: pH = 12.00

Dye removal (%)

49
X1 = A: PAC
X2 = B: Mg

The response surface plots of Magnesia PACl process
were shown in Fig. 4. Three-dimensional plots were obtained based on effects of the three factors (PACl dosage,
magnesia dosage and pH) at three levels.

91.75

The removal of C.I.Reactive Red 120, varied with
magnesia dosage and PACl dosage, were depicted in
Fig.4 (a). Both magnesia dosage and PACl dosage have
the same effect on dye removal as the curve of the figure
is symmetrical. As can be seen in equation (3), the linear
terms, quadratic terms and the interaction terms of magnesia dosage and PACl dosage were significant factors. It
is suggested that magnesia combined with PACl had a
significant effect on dye removal. Magnesia was of equally
importance to PACl at the determined dosages.

78.5
65.25
52

4.00

24.0
3.25

19.5
2.50

Magnesia

15.0
1.75

10.5
1.00

PACl

6.0

Variations of C.I.Reactive Red 120 removals, which
were along with the variety of PACl dosage and pH, magnesia dosage and pH, were also depicted in Fig.4 (b) and
Fig.4 (c) separately. Dye removal increased with the increase of PACl dosage or magnesia dosage. Either in the
linear terms, quadratic terms, or the interaction terms of
Magnesia PACl process, pH was not significant. The
effect of pH was negligible in the determined pH range.

(a)
Design-Expert?Software
Removal
100
105

X1 = A: PAC
X2 = C: pH
Actual Factor
B: Mg = 2.50

Dye removal (%)

49

98.25

The RSM design was employed in this study to derive a statistical model for the effect of magnesia dosage,
PACl dosage and pH on C.I.Reactive Red 120 removal.
The PACl dosage of 15×10-3 gl-1, magnesia dosage of
2.5 gl-1 and pH 12 had been found to be the optimum
conditions for Magnesia PACl process.

91.5
84.75
78

13.0

24.0
12.5

19.5
12.0
11.5

pH

3.7. Effect of initial dye concentration

15.0
10.5
11.0

Fig.5 compared the removal of C.I.Reactive Red 120
by using magnesia alone and Magnesia PACl process at
different initial dye concentrations. It was evident that the
overall performance of the combined process (more than
80%) was more superior to dosing magnesia alone (less
than 50%). Dye removal efficiency was maintained by the
combined process as the initial dye concentration increased.

PACl

6.0

(b)
Design-Expert?Software
Removal
100
103

X1 = B: Mg
X2 = C: pH
Actual Factor
A: PAC = 15.0

Dye removal (%)

49

96
89
82
75

13.0

4.00
12.5

3.25
12.0

pH

2.50
11.5

1.75
11.0

1.00

Magnesia

(c)
FIGURE 4 - Design-expert plot; response surface plot for Magnesia
PACl process: (a) the effect of PACl dosage and magnesia dosage;
(b) the effect of pH and PACl dosage; (c) the effect of magnesia
dosage and pH

FIGURE 5 - Removal of C.I.Reactive Red 120 varied with initial
concentration
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Besides, dosing PACl alone only had little effect on the
removal of C.I.Reactive Red 120 (data not shown). It was
demonstrated that Magnesia PACl process was effective
for C.I.Reactive Red 120 removal.

optimal conditions of the combined process were dosing
magnesia of 2.5 gl-1 followed by PACl of 15×10-3 gl-1 at pH
12. It was indicated that the combined process was favorable to alkaline dye wastewater treatment without neutralization. Disadvantages of a single process were overcome
and overall performance was enhanced. Under the optimal
conditions, dye removal efficiency was more than 80% as
the initial dye concentration increased from 0.1 to 2 gl-1.
The combined process was considered to be cost-effective
for the low-cost materials and the optimized dosages.
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The surface area of magnesia was calculated to be
20.6 m2 g-1 by the BET method. It was indicated that the
adsorption capacity of magnesia is limited. The adsorption of C.I.Reactive Red 120 on magnesia might not be
the main mechanism. The XRD pattern of Raw and adsorbed magnesia were shown in Fig. 6. The major phases
for raw magnesia were magnesite and periclase, while for
the adsorbed magnesia, the phase of brucite appeared. It
was suggested that a phase transformation occurred. The
phase of brucite was mainly composed of magnesium hydroxides, which indicated that magnesia partially dissolved.

MgO + H 2O = Mg 2+ + 2OH −
Mg

2+

+ 2OH = Mg (OH ) 2 ↓
−

MgO + H 2O = Mg (OH ) 2 ↓

(4)
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ANALYSIS AND ASSESSMENT OF HEAVY METAL
POLLUTION IN SEDIMENTS OF TIANJIN HARBOR
AND DAGU DRAINAGE CANAL IN BOHAI BAY, CHINA
Qijun Zhang, Lei Wang*, Lijie Zhao, Hongwen Sun and Yuan Lu
Ministry of Education Key Laboratory of Pollution Processes and Environmental Criteria/Tianjin Key Laboratory of
Environmental Remediation and Pollution Control/College of Environmental Science and Engineering, Nankai University, China

ABSTRACT
Concentrations of heavy metals, including Cd, Hg,
Pb, Cu, and As, in surface sediments from Tianjin Harbor
of Bohai Bay, as well as Dagu Drainage Canal, were
determined. Pollution level and source of heavy metals in
this region were evaluated. Moderate pollution level in
Tianjin Harbor was assessed using geo-accumulation
model, while high potential ecological risk factors for Cd
and Hg were found in sites near the end or entrance of the
harbor. High concentrations of heavy metals were detected
in sediments of Dagu Drainage Canal, while a positive relationship of pollutant distributions between harbor sediments and Dagu Drainage Canal sediments was found. Distribution of heavy metals in core sediments from Dagu
estuary suggests a moderate increase of ecological risk from
early 1950s to early 1960s, mainly attributed to Hg, while a
rapid increase of ecological risk occurs in the recent 3 years
due to the increasing pollution of Hg and Cd.
KEYWORDS: Heavy metals; Surface sediments; Core sediments; Bohai Bay; Potential ecological risk

1. INTRODUCTION
Due to high toxicity and non-degradable properties,
pollution of heavy metals (including some metalloids e.g.
As) is of high concern in recent decades. Heavy metals
are widely distributed in nature, while their release can be
enhanced by anthropogenic activities [1]. After entering the
aquatic environment, most heavy metals apt to settle down
into suspended particle matters (SPMs) or sediment phases
[2, 3]. Heavy metals carried by SPMs and re-suspended
sediments can be transferred over a relatively long distance,
enter the estuarine and coastal environments, and deposit
into ocean sediment phase [4]. Therefore, distribution of
heavy metals in sediments can reflect the pollution level
of these pollutants in water environments [5, 6].

Bohai Sea is the exclusive interior sea of China, and
also a traditional aquaculture base. Bohai Bay lies in the
west of Bohai Sea, while Tianjin Harbor is located on the
western shore of the Bohai Bay (Fig. 1). As the new national economic center, industrial activities have increased
rapidly in Tianjin city. As a result, more pollutants were
discharged to Bohai Bay from this region [7, 8]. Besides,
Dagu Drainage Canal, the largest sewage reservoir of
Tianjin, pours into the Bohai Bay from Tianjin Harbor
(Fig. 1). More than 30 million m3 of wastewater was discharged into Bohai Bay by Dagu Drainage Canal per year,
which contained effluents of wastewater treatment plants
(WWTPs) and untreated wastewaters directly released from
small factories and agricultural activities along the riverside
[9, 10]. As a semi-enclosed coastal ocean, the amount of
water exchange between the harbor region and Bohai Sea
is relatively low, which potentially increases the accumulation of pollutants in the harbor region. Several investigations have reported on the heavy metal pollution in the
coastal region of Tianjin in the past ten years [11, 12], but
very little data is available to identify the recent pollution
level in this area. Besides, the input contribution of
wastewater to heavy metal pollution in this region is also
indistinct.
In this paper, concentrations of Hg, Cd, Pb, Cu and
As, determined in surface sediment samples from Tianjin
Harbor and Dagu Drainage Canal, are presented. Geoaccumulation Index and Potential Ecological Risk Index
models are used to evaluate the pollution and ecological
risk of different heavy metals in Tianjin Harbor. The
impacts of heavy metal pollutants input by Dagu Drainage
Canal on the pollution of Tianjin Harbor are also analyzed. Furthermore, historical changes of heavy metal
pollution level are also discussed according to heavy
metal concentrations determined in core samples of Dagu
estuary.
2. MATERIALS AND METHODS
2.1 Sample collection

* Corresponding author
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The study area includes Tianjin Harbor and Dagu
Drainage Canal, and the distribution of sampling sites is
shown in Fig. 1. On 20th September 2010, surface sediment samples were collected from 20 sites in Tianjin
Harbor and 16 sites in Dagu Drainage Canal using grab
samplers. Besides, a 70-cm core sample was taken at H3
using a cylindrical sampler with cylindrical plastic liners
(inner diameter of 7.3 cm and length of 70 cm). The core
sample was then placed on a hydraulic jack to push the
sediment up from the bottom, and then sediment columns
were cut into 2-cm slices. All sediment samples were placed
directly into pre-cleaned aluminum pots and transported to
the laboratory. The surface and sliced core samples were
transferred to cleaned plastic cups and kept frozen in the
laboratory until analysis.

2.2 Chemical analysis
2.2.1 Reagents and standards

Stock standard solutions of heavy metals (1000 mg/L)
used in this study were of AA standard (Accustandard,
USA). Milli-Q water (Milli-Q System, Jingyi Company,
China) was used for the preparation of all solutions. All
other reagents were of analytical grade.
2.2.2 Analysis of sediment samples

Sediment samples were freeze-dried and gently
squeezed to break down aggregates. After screened through
a nylon sieve to remove particles >1 mm, sediments were
ground to powder using agate mortar and pestle before
further treatment.
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FIGURE 1 - Study areas and sampling locations in Tianjin Harbor (a) and Dagu Drainage Canal (b), China.

To analyze the concentrations of Hg, Cd, Pb, Cu and
As in sediments, 0.1 g of ground sediments were digested
with 12 ml of mixed acids (HNO3:HCl, 3:1), heated stepwise by a microwave oven (MDS-8G, Xinyi Company,
China) [13]. The digested solution was then diluted with
25 ml of Milli-Q water. Concentrations of As and Hg in
samples was determined using an atomic ﬂuorescence spectrometer (AFS-830，Jitian Company, China). Concentrations of Cd, Pb and Cu were determined by ﬂame atomic
absorption spectrometry (FAAS) (WFX-210, Ruili
Company, China).

Geo-accumulation index (Igeo) is a common criterion
to assess the heavy metal pollution, originally deﬁned by
Müller, to evaluate contamination of metals in sediments
[14]. Igeo can be calculated by comparing current pollutant
concentrations with their preindustrial levels according to
the following equation:

(Cn )
1.5( Bn )

(1)

where, Cn is the measured concentration of the examined metal (n) in sediment, Bn is the geochemical background concentration of the metal (n), and factor 1.5 is the
background matrix correction factor due to lithospheric
effects. In this method, seven classes of Igeo value ranging
from Class 0 to Class 6 were deﬁned to describe different
sediment qualities as follows: Class 0 (Igeo ≤ 0, unpolluted);
Class 1 (0< Igeo< 1, unpolluted to moderately polluted);
Class (1< Igeo< 2, moderately polluted); Class 3 (2< Igeo< 3,
moderately to strongly polluted); Class 4 (3< Igeo< 4, strongly polluted); Class 5 (4< Igeo< 5, strongly to extremely polluted); Class 6 (Igeo> 5, extremely polluted) [15].
2.3.2 Potential ecological risk index

Potential ecological risk index (RI) method, developed by Hakanson [16], is also a common quantitative
approach to evaluate the level and risk of heavy metal
pollution. According to this methodology, the potential
ecological risk index for a single heavy metal (Eif) and the
potential ecological risk index (RI) are deﬁned as follows:
C
(2)
E if = i
Bn
n

RI = ∑ (Ti ×
i =1

Ci
)
Bn

All glass vessels used were cleaned by soaking in diluted nitric acid for at least 24 h and rinsed by Milli-Q
water before use. For each batch of 24 samples analyzed,
two method blanks and two spiked blanks were processed. The relative standard deviation (RSD) of replicate
analysis was <5.6%. The regression coefficient of calibration standards of different heavy metal was >0.999. Statistical data analysis (e.g., standard deviation, mean, maximum and minimum concentrations) was performed using
Origin 8.0 (OriginLab., Northampton, MA).
TABLE 1 - Relationship among RI, Eif and pollution levels [16].

2.3 Evaluation model
2.3.1 Geo-accumulation index

I geo = log 2

2.4 Quality assurance and statistical analysis

(3)

where, Ti is the toxic-response factor for a given substance (e.g., THg = 40, TCd = 30, TAs = 10, TPb = TCu = 5);
Ci represents metal content in the sediments; and Bn is the
geochemical background concentration of heavy metals in
the sediments. The division standard of potential ecological risk is listed in Table 1.

Eif value

Ecological risk level of RI value
Level of potential
single factor pollution
ecological risk
<40
Low
<150
Low-grade
40~80
Moderate
150~300 Moderate
80~160
Higher
300~600 Severe
160~320
High
≥600
Serious
≥320
Serious
RI: the potential ecological risk index; Eif: the potential ecological risk
factor.

3. RESULTS AND DISCUSSION
3.1 Distribution of heavy metals in surface sediments from
Tianjin Harbor

Concentrations of heavy metals, including As, Hg, Cd,
Pb and Cu, in surface sediments from different sites of the
Tianjin Harbor are presented in Table 2.
Ranges (and mean values) of heavy metal concentrations (mg/kg) in the surface sediments of the study area
were: As, 2.19~5.29 (3.73); Hg, 0.13~0.78 (0.31); Cd,
0.26~2.72 (1.24); Pb, 2.23~50.81 (14.21); Cu, 3.32~11.59
(6.37). Comparison of the heavy metal concentrations in
sediments of the study area with other harbor regions reported in previous studies indicates that the total concentration of heavy metals in Tianjin Harbor are lower than other
large industrialized/urban ports (Table 3), such as
Kaohsiung Harbor [17], Quanzhou Harbor [18], Rijeka
Harbor [19], and New York Harbor [20]. However, high
concentrations of some typical heavy metals (Hg, Cd, Pb)
were also found in several sites in this study, specially for
samples from sites of H1~H3, which are near the end of
the harbor. Distribution of heavy metals in this area could
be due to the input of Dagu Drainage Canal, which will
be discussed in details later (see section 3.3). Due to the
low solubility, a great part of heavy metals in wastewater
can be adsorbed on collides and suspended particles [21].
When entering the harbor, these SPMs trend to deposit
induced by the sharp increase of salinity [21]. Besides, to
reserve freshwater, a sluice gate was set at the estuary of
Haihe River (Fig. 1), which never opened since 1983. As
a result, there was almost no freshwater discharge flow
input to Bohai Bay from Tianjin in recent two decades,

1782

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

except for wastewater. Therefore, the supply of water in
Tianjin Harbor was pretty limited. Sea water flows from
the entrance of the harbor, and the flow rate reduces at the

narrow end of the harbor. Therefore, the deposit of SPMs
carrying heavy metals was apt to occur in this region
(H1~H3), which induced a high pollution level. Analo-

TABLE 2 - Concentrations of selected metals in the surface sediments of Tianjin Harbor.
Sampling site
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18
H19
H20
Mean
Max
Min

As (mg/kg)
3.46
4.81
5.29
3.44
3.67
2.96
3.19
2.19
3.92
3.86
3.20
4.30
2.35
4.09
4.38
3.97
4.46
3.49
3.56
4.06
3.73
5.29
2.19

Hg (mg/kg)
0.44
0.41
0.78
0.35
0.27
0.40
0.50
0.23
0.53
0.28
0.14
0.22
0.13
0.17
0.19
0.20
0.18
0.21
0.29
0.18
0.31
0.78
0.13

Cd (mg/kg)
1.59
1.52
1.17
1.98
0.47
0.70
0.94
1.28
0.26
1.09
0.77
0.74
1.12
0.27
0.73
1.22
2.23
1.93
2.72
1.98
1.24
2.72
0.26

Pb (mg/kg)
31.71
50.81
28.06
4.96
7.12
11.65
18.04
7.65
7.79
10.87
12.87
2.46
6.71
21.51
12.17
7.35
2.23
14.45
8.17
17.62
14.21
50.81
2.23

Cu (mg/kg)
11.95
9.91
7.95
5.45
7.36
7.92
6.70
3.32
5.97
5.65
6.44
6.16
3.35
5.91
6.57
6.61
4.02
5.78
5.17
5.29
6.37
11.95
3.32

TABLE 3 - Concentrations of heavy metals in sediments from some harbors in the world.
Area
Tianjin Harbor, China mainland
Kaohsiung Harbor, Taiwan
Quanzhou Harbor, China mainland
Rijeka Harbor, Croatia
New York Harbor, USA
Sediment background

As (mg/kg)
2.19~5.29
17.7~30.2
9.50~37.7
20.0

Hg (mg/kg)
0.13~1.01
0.1~8.5
0.10~8.06
2~3
0.2

Cd (mg/kg)
0.26~2.72
0.1~6.8
0.28~0.89
0.14~4.66
1~2
0.5

gously, relatively high pollution was also found in sediments of H17~H20, which is near the porrect pier of harbor and also propitious to the deposit of SPMs. High concentration of some heavy metals in these sites suggests a
necessity to access the pollution level in this region.
3.2 Assessment models of heavy metal pollution in sediment
3.2.1 Geo-accumulation index

Geo-accumulation index (Igeo) values of heavy metals
in sediments were analyzed according to Eq. 1, with the
results presented in Table 4. The heavy metal contents in
marine sediment of China (As, 20.0 mg/kg; Hg, 0.2 mg/kg;
Cd, 0.5 mg/kg; Pb, 60.0 mg/kg; Cu, 35.0 mg/kg) were used
as the geochemical background (GB 18668-2002) [22].
According to the Igeo values, Cd and Hg are the major
heavy metal pollutants in the study area. As a whole, Cd
is the most predominant pollutant among the determined
elements, with only 6 sites belonging to “unpolluted” class
among the 20 sampling sites (Igeo ≤ 0), while 7 sites belong
to “moderately polluted” class (1<Igeo<2). For Hg, Igeo values of more than 35% of sampling sites are positive, especially for site H3 (Igeo=1.38), which can be classified as

Pb (mg/kg)
2.23~50.81
9.5~470
34.3~100.9
23.6~637
109~136
60.0

Cu (mg/kg)
3.32~11.59
5~946
24.8~19.7
30.6~429
105~131
35.0

References
present study
[17]
[18]
[19]
[20]
[22]

“moderately polluted”. Pollution of Pb, As, and Cu can be
considered as unpolluted level in this area according to
Igeo method (Igeo< 0). On the basis of the average values of
Igeo, heavy metal pollutions in Tianjin harbor follow an
order of Cd>Hg>As>Pb>Cu (from heavy to light). Besides,
the spatial order of heavy metal pollution level is “the end
of harbor” (H1~H3) > “the entrance of harbor” (H17~H20)
> “middle reach of harbor”.
3.2.2 Potential ecological risk index

According to Eqs. 2 and 3, potential ecological risk
index (RI) of heavy metals in the sediments around Tianjin Harbor were calculated and listed in Table 5. The potential ecological risk indexes of As, Pb and Cu in 20 sampling sites of the harbor are lower than 40. It indicates a
low potential ecological risk of these three pollutants in
this area. Hg and Cd are the two main elements causing
ecological hazards, with the average Eif values of 61.00 (Hg)
and 74.13 (Cd), respectively. RI value of heavy metals in
these 20 sites ranges from 54.88 (H14) to 232.32 (H3),
with an average value of 139.09. Totally, it suggests a moderate potential ecological risk in this area, which is similar
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to the assessment by Igeo model. However, due to the high
toxicity of Hg (Ti = 40) and Cd (Ti = 30), higher and even
high potential ecological risks (Eif >80) of them occur in

some sites. For example, the Eif reaches 163.20 (for Cd in
H19) and 156 (for Hg in H3), respectively, which indicates a high potential ecological risk.

TABLE 4 - Geo-accumulation index (Igeo) values of heavy metals.

Sampling site
Igeo,As
Igeo,Hg
Igeo,Cd
Igeo,Pb
Igeo,Cu
Mean
H1
-3.12
0.55
1.08
-1.50
-2.14
-1.02
H2
-2.64
0.45
1.02
-0.82
-2.41
-0.88
H3
-2.50
1.38
0.64
-1.68
-2.72
-0.98
H4
-3.12
0.22
1.40
-4.18
-3.27
-1.79
H5
-3.03
-0.15
-0.67
-3.66
-2.83
-2.07
H6
-3.34
0.42
-0.10
-2.95
-2.73
-1.74
H7
-3.23
0.74
0.33
-2.32
-2.97
-1.49
H8
-3.78
-0.38
0.77
-3.56
-3.98
-2.19
H9
-2.94
0.82
-1.53
-3.53
-3.14
-2.06
H10
-2.96
-0.10
0.54
-3.05
-3.22
-1.76
H11
-3.23
-1.10
0.04
-2.81
-3.03
-2.02
H12
-2.80
-0.45
-0.02
-5.19
-3.09
-2.31
H13
-3.67
-1.21
0.58
-3.75
-3.97
-2.40
H14
-2.87
-0.82
-1.47
-2.06
-3.15
-2.08
H15
-2.78
-0.66
-0.04
-2.89
-3.00
-1.87
H16
-2.92
-0.58
0.70
-3.61
-2.99
-1.88
H17
-2.75
-0.74
1.57
-5.33
-3.71
-2.19
H18
-3.10
-0.51
1.36
-2.64
-3.18
-1.62
H19
-3.08
-0.05
1.86
-3.46
-3.34
-1.61
H20
-2.89
-0.74
1.40
-2.35
-3.31
-1.58
Mean
-3.04
-0.15
0.47
-3.07
-3.11
Max
-2.50
1.38
1.86
-0.82
-2.14
Min
-3.78
-1.21
-1.53
-5.33
-3.98
Sediment background: As, 20.0 mg/kg; Hg, 0.2 mg/kg; Cd, 0.5 mg/kg; Pb, 60.0 mg/kg; Cu, 35.0 mg/kg (GB 18668-2002, Grade 1) [22].

TABLE 5 - Potential Ecological Risk Indices of heavy metals in different sediment samples from Tianjin Harbor.
Potential ecological risk indices for singe heavy metal (Eif)
Potential ecological
risk indices (RI)
As
Hg
Cd
Pb
Cu
H1
1.73
88.00
95.40
2.64
1.71
189.48
H2
2.41
82.00
91.20
4.23
1.42
181.25
H3
2.65
156.00
70.20
2.34
1.14
232.32
H4
1.72
70.00
118.80
0.41
0.78
191.71
H5
1.84
54.00
28.20
0.59
1.05
85.68
H6
1.48
80.00
42.00
0.97
1.13
125.58
H7
1.60
100.00
56.40
1.50
0.96
160.46
H8
1.10
46.00
76.80
0.64
0.47
125.01
H9
1.96
106.00
15.60
0.65
0.85
125.06
H10
1.93
56.00
65.40
0.91
0.81
125.04
H11
1.60
28.00
46.20
1.07
0.92
77.79
H12
2.15
44.00
44.40
0.21
0.88
91.64
H13
1.18
26.00
67.20
0.56
0.48
95.41
H14
2.05
34.00
16.20
1.79
0.84
54.88
H15
2.19
38.00
43.80
1.01
0.94
85.94
H16
1.99
40.00
73.20
0.61
0.94
116.74
H17
2.23
36.00
133.80
0.19
0.57
172.79
H18
1.75
42.00
115.80
1.20
0.83
161.57
H19
1.78
58.00
163.20
0.68
0.74
224.40
H20
2.03
36.00
118.80
1.47
0.76
159.05
Mean
1.87
61.00
74.13
1.18
0.91
139.09
Max
2.65
156.00
163.20
4.23
1.71
232.32
Min
1.10
26.00
15.60
0.19
0.47
54.88
C30~40
2.35
41.60
34.80
7.57
2.15
88.48
C60~70
2.10
3.60
37.08
0.15
2.12
45.05
Sediment background: As, 20.0 mg/kg; Hg, 0.2 mg/kg; Cd, 0.5 mg/kg; Pb, 60.0 mg/kg; Cu, 35.0 mg/kg (GB 18668-2002, Grade 1) [22]; C30~40: core
samples of 30~40 cm at site of H3; C60~70: core samples of 60~70 cm at site of H3.
Sampling site

3.3 Heavy metals in surface sediments of Dagu Drainage Canal

As mentioned above, Dagu Drainage Canal flows into
Bohai Bay from Tianjin Harbor. In order to explore the
pollution level of Dagu Drainage Canal and its input con-

tribution to Bohai Bay, concentrations of heavy metals in
sediments from different sites along the Dagu Drainage
Canal were determined (Table 6).
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Sediments of Dagu Drainage Canal were complexly
polluted with heavy metals (average concentrations: 11.25
Cd, 55.92 Pb, 0.87 Hg, 69.86 Cu, and 4.87 As mg/kg).
Serious pollution level could be found in sediments of

Dagu Drainage. For example, the maximum concentrations
in Dagu Drainage Canal sediments were 4.03 (Hg), 22.69
(Cd), and 254.77 (Cu) mg/kg, respectively, even signifi-

TABLE 6 - Concentrations of selected metals in surface sediments of Dagu Drainage Canal.
As (mg/kg)
4.02
4.75
3.58
4.25
3.35
3.20
5.01
3.36
5.44
6.60
6.50
4.78
5.60
5.59
5.32
6.55
4.87
6.60
3.20

Hg (mg/kg)
4.03
0.31
0.57
0.57
0.22
0.32
0.61
0.70
0.07
0.38
0.13
2.76
0.51
1.02
1.27
0.47
0.87
4.03
0.07

Cd (mg/kg)
22.69
19.45
10.34
6.11
4.85
21.26
6.43
4.69
19.51
2.93
4.96
22.51
5.73
12.16
8.98
7.40
11.25
22.69
2.93

cantly exceeding the Chinese national tertiary standard
criteria of intertidal sediments for defining harbor and
special use of ocean exploration (GB 18668-2002) [22],
which is 1.0 (Hg), 5.0 (Cd), and 200 mg/kg (Cu), respectively. For most heavy metals (Cd, Pb, Hg, Cu), their
spatial distribution in sediments of Dagu Drainage Canal
from upper to lower reach is irregularly. This should be
contributed to more than 120 pollution sources along the
canal [23]. However, heavier pollution was found in sediments of C1, C6~C9, and C14~C16, which were near to
outfalls of WWTPs in Xiqing Micro-Electronic Industrial
Park, junction of Xianfeng Drainage Canal, and outfalls
of WWTPs in Tanggu Industrial Park of Tianjin [23].
Compared to the concentrations in Tianjin Harbor
sediments, heavy metal pollution level of sediments from
Dagu Drainage Canal is much higher. For example, the
average concentrations of Cd and Cu in Dagu Drainage
Canal sediments (11.25 and 69.86 mg/kg, respectively)
are one order of magnitude higher than those in Tianjin
Harbor sediments (Tables 2 and 6). The concentrations of
Pb, Hg, and As in Dagu Drainage Canal sediments are also
obviously higher than Tianjin harbor. Besides, a remarkable
positive correlation between the logarithms of heavy metal
(Cd, Hg, Pb, As) concentration in sediments from Dagu
Drainage Canal and Tianjin Harbor could be observed (Fig.
2). For example, a square of the correlation coefficient (R2)
of 0.80 could be obtained when relating the logarithms of
average concentration from sites near to estuary of Dagu
Drainage Canal (C14~C16) to those of average concentration from Tianjin Harbor. It indicates that pollution of
these heavy metals in Tianjin Harbor is mainly attributed
to the input of Dagu Drainage Canal, while harbor sediments play an important role as a sink of these pollutants.
Compared with the high concentration of Cu in Dagu

Pb (mg/kg)
145.51
41.01
51.71
53.21
27.50
139.22
102.04
57.89
64.80
47.92
15.68
45.03
20.23
41.63
26.11
15.22
55.92
145.51
15.21

Cu (mg/kg)
142.05
27.36
50.20
108.02
32.35
28.21
118.48
254.77
61.10
67.53
23.50
19.20
30.03
58.32
61.81
34.90
69.86
254.77
19.20

Drainage Canal sediments, Cu concentrations in harbor
sediments are lower, which might be attributed to the relatively high solubility of Cu in seawater. Therefore, dissolved Cu in wastewater continues to transfer after entering into the harbor, while a part of adsorbed Cu is released from solid phase due to some mechanisms, e.g.
complex of chloride ions in sea water.

1.8

C1~C16
C14~C16

1.6

Pb

y = 0.8727x + 0.6038
2
R = 0.77

1.4
1.2

Cd

1.0
lgCscanal

Sampling site
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
Mean
Max
Min

0.8

As

0.6

y = 0.8015x + 0.5165
2
R = 0.80

0.4
0.2
0.0
-0.2
-0.6

Hg
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

lgCsharbor
FIGURE 2 - Correlation between the logarithms of average concentration of heavy metals (Cd, Hg, Pb, As) in sediments from Dagu
Drainage Canal (lgCS,canal) and those from Tianjin Harbor (lgCS,harbor).
Square and star legends present lgCS,canal according to average concentrations of C1~C16 and C14~C16, respectively.
3.4 Assessment of historical pollution of heavy metals using
core sediment of Dagu estuary

Core sediments can act as a good repository to reflect
the temporal changes of pollution [24-26], especially for
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FIGURE 3 - Concentrations of (a) Hg & Cd; (b) As & Cu; and (c)
Pb in the core sediments of Tianjin Bohai Bay at different depths.

activities in Haihe basin [9]. Therefore, for core sediment
samples of 0~30 cm, each interval (2 cm) can reflect the
pollution accumulated in 3 years (0.65 cm/a) after 1963.
For core sediments deeper than 30 cm, an interval of sample can represent the accumulation of only 0.6 years,
because of the faster sedimentation (3.43 cm/a). Therefore, every 5 intervals were combined for core sediments
of 30~70 cm, to reflect an average pollution accumulation
of 3 years.
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20
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0.25
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20

0.00

	
   Pb

Year

estuary regions because of their relatively high rate of
sedimentation. In this study, core sediments were sampled
in Dagu estuary. The sampling site (H3) locates in the adjacent region of the sampling site of Meng’s study, which
dated the core sediments using radioactive isotopes 210Pb
and 137Cs [9]. According to Meng’s study, the sedimentation rate in Dagu estuary was 3.43 cm/a in 1955~1963,
while it was reduced to 0.65 cm/a due to the civilization

The concentration ranges of As, Hg, Cd, Pb and Cu in
core sediments of Dagu estuary were 4.08~5.46 (As),
0.02~0.78 (Hg), 0.45~1.17 (Cd), 1.83~121.31 (Pb), and
7.95~15.20 (Cu) mg/kg, respectively (Fig. 3). A long
period of Cd pollution was recorded by core sediments
(Fig. 3(a)). However, Cd concentration in top 2-cm sediments reached 1.17 mg/kg, which suggests a rapid increase of Cd input from Dagu Drainage Canal in recent
years. Before 1960s, there was almost no Hg pollution in
this area, according to the measured concentration of Hg in
core sediments of 50~70 cm being lower than 0.06 mg/kg
(Fig. 3(a)). However, Hg pollution increased rapidly in
early 1960s, and kept a level of 0.13~0.22 mg/kg. High
concentration of Hg was also detected in top 2-cm
sediments (0.78 mg/kg). The concentration of Pb changed
greatly according to the depth of core sediments, which
increased from 69.27 to a maximum of 121.31 mg/kg in
sediments of 30~50 cm (representing early 1960s), and
then decreased to 25.31 mg/kg in samples of 20~30 cm
(Fig. 3(c)). We hypothesized that this change can be explained by the use of coal firing combustion engine ships
and their later substitute by the oil firing steam turbine
ship in this harbor, as well as the substitute of private coal
ball stove by public boiler for domestic heating at that
time, because coal firing is one of the major sources of Pb
pollution [27, 28]. It should be noted that Pb concentration seemed to increase again in toper sediments. It may
relate to the rapid increase of automobile and electric bicycle in China, because Tianjin is a production base of lead-
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acid batteries. Compared with Pb, little difference was observed in core sediments for concentrations of Cu, while
the pollution of As in this area somewhat increased in
recent 30 years, but of very slight degree (Fig. 3(b)).
According to Eqs. 2 and 3, Eif and RI of heavy metals
in core sediments of 30~40 cm (C30~40) and 60~70 cm
(C60~70) were also calculated (Table 5). It can be seen that
from early 1950s to 1960s, RI increased mildly from
45.05 to 88.48, mainly attributed by the increase of Hg
pollution. Comparing RI of C30~40 with H3, a remarkable
increase of RI from 88.48 to more than200 was observed
(Table 5), while pollution of Cd and Hg contributed much
to this increase. The deterioration of environments should
be due to the constant development of industrial activity
in Tianjin in the recent four decades, especially in recent
three years.
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4. CONCLUSION
1. Tianjin Harbor was of mild to moderate heavy
metal pollution. However, the potential ecological risks
for Cd and Hg in some sites of Tianjin Harbor were relatively high. The order of the target contaminant pollution
level is: Cd> Hg> As> Pb> Cu. Higher pollution levels
are found near the end and the entrance of the harbor.
2. Very severe heavy metal pollution was detected in
sediments of Dagu Drainage Canal, which was identified
as the main source of heavy metal pollution in Tianjin
Harbor. Sediments in the harbor can be identified as the
important sinks of these pollutants, except for Cu, which
has higher migration capability.
3. According to the analyzed result of core sediments,
the temporal changes of different heavy metals in Tianjin
Harbor were not according. Cd and Hg pollution increased significantly in recent years, which induced a
rapid increase of potential ecological risk in this area.
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ABSTRACT
The concentrations of some metals (Al, Cr, Mn, Fe,
Co, Ni, Cu, Zn, As, Mo, Cd, Sn, Ba, and Pb) were determined by ICP-MS in the muscles, gills, and liver of the
carp Cyprinus carpio to study heavy metal load in the
tissues, bioaccumulation factor (BAF), and seasonal variations. Heavy metals were accumulated at varying levels
and clearly distinguishable in different tissues of Cyprinus
carpio from Yeniçağa Lake. The distribution pattern of
Al, Cr, Ni, Cu, As, Cd, Sn, and Pb followed the order
liver>gill>muscle but that for Mn, Fe, Zn, and Ba the order
gill>liver>muscle. Concentrations of Zn, Al, Fe, Ba, Mn
and Cu, in particular, were very high in the tissues studied. The BAF values of Al, Fe, Cu, Zn and Mo were
remarkably high in all of the carp tissues investigated. In
particular, Pb and As results from the muscle tissue of
the carp were not within the safe limits for human consumption. In the present study, the effects of season on the
accumulation of heavy metals in the muscle, liver, and gills
of the carp were also determined, and differences were
found for the majority of heavy metals (p<0.05). In general,
the concentrations of the tested heavy metals were observed
to be higher in spring and summer but lower in autumn and
winter.
KEYWORDS: Yeniçağa Lake, heavy metal, bioaccumulation
factor (BAF), seasonal variation, Cyprinus carpio

1. INTRODUCTION
The contamination of aquatic ecosystems with heavy
metals has gained more concentrated worldwide attention
in recent years, and many studies have been published on
heavy metals in the aquatic environment [1]. Heavy metals from natural and anthropogenic sources are continuously released into aquatic ecosystems; therefore, they pose a
serious threat to most life forms due to their toxicity,
* Corresponding author

long persistence, bioaccumulation, and biomagnifications
in the food-chain [2]. The long-term monitoring of anthropogenic pollution in the aquatic ecosystem is an issue
of concern in terms of both the environment and human
health. In studies, aquatic organisms are often widely used
for biological monitoring. Among these indicator organisms, a significant role is assigned to fish due to their significant capacity to accumulate heavy metals, and their
essential role in the enrichment of anthropogenic compounds in the food-chain [3-6].
Many fish species can be considered as top consumers
in aquatic ecosystems [7]. Consequently, pollutants discharged into the aquatic environment are likely to accumulate in fish and represent a potential risk to not only the
fish themselves but also piscivorous birds and mammals,
including humans. Concentrations of heavy metals in the
organs of fish are determined primarily by the pollution
level of water and food, and, thus, are an indicator of the
environmental pollution level [3-5, 8].
Concentrations of heavy metals in the tissues of animals are a result of uptake and release processes that possess the characteristic kinetics for the elements and their
biological halftime, and are influenced by the age and size
of individuals, the feeding habits of the species, their life
cycle and life history, and the seasons [3-9]. Heavy metals
may enter fish bodies through the body surface, the gills,
and the digestive tract. The gills are regarded as an important site due to their direct uptake from the water,
whereas the body surface is generally assumed to play a
minor role [7-10]. Foods can also constitute an important
route for heavy metal accumulation and biomagnifications
in the food-chain [7].
Yeniçağa Lake is located in the Western Black Sea
region, and is one of the important wetland areas in Turkey
because its habitats support many bird species and plant
taxa. It has been chosen as a pilot area with the aim of
developing a model component for the sustainable management of peat lands’ carbon storage within the framework of climate change mitigation. However, the quality of
the surface water of Yeniçağa Lake has diminished over the
last decades as a result of increased anthropogenic factors.
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The lake continuously receives significant amounts of
nutrient-rich water from two main creeks (Kuzuviran and
Deliler) due to the direct discharge of untreated domestic
wastewater into the creeks (Fig. 1). Furthermore, untreated
municipal wastewater, nutrient-rich water from a slaughterhouse located on the eastern coast of the lake, and
water rich with heavy metals from artesian wells are the
major factors for increasing the pollution level in the lake.
Such simultaneous activities have reduced water quality
and disrupted biodiversity in the lake [11-13]. The trace
metal level of the water, sediment, and plankton of the lake
have been studied alongside its potential sources (water and
sediment of creeks, artesian and sewage waters and soil),
and these results are reported by Saygı and Atasagun
Yiğit [13]. According to the results of the present studies,
Ba, Mn, Fe, Al, and Zn were measured at high levels in the
water and sediment of the lake, and these metals had
accumulated in plankton in high concentrations.
In this study, the gills, liver, and muscles of Cyprinus
carpio were chosen as target organs for assessing metal
accumulation. The concentration of metals in gills is an
important means of verifying the metal content of the waters. Metal concentrations in the muscles of the fish were
analyzed to determine their safety for human consumption.
Cyprinus carpio from Yeniçağa Lake has been an important protein source for the people living in the region
over recent decades. Taking into account the metal content
already found in the lake, creeks, artesian water, and plankton, an accumulation of metals in fish tissue was anticipated. Therefore, in the present study, we characterized
heavy metal levels in the gill, muscle, and liver tissues of
carps from Yeniçağa Lake on a seasonal basis and assessed
the level of concentrations in terms of safety for human
consumption in muscle tissue.

2. MATERIALS AND METHODS
2.1. Site description

Yeniçağa Lake (40º 47´ N, 32º 02´ E) is located in the
western Black Sea region of Turkey. The lake basin occurs in a depression of 7x2.5 km size formed after tectonic activities during the early Quaternary, and the lake is
located on the North Anatolian Fault Zone [14]. It appears
that the lake surface area has been reduced about 3-fold to
its present size since its formation. Today, Yeniçağa Lake
is a shallow, endorheic, eutrophic lake with a maximum
depth of 5.2 m and a surface area of 1800 ha. The lake is
mainly fed by two creeks (the Kuzuviran and the Deliler).
However, an artificial channel was constructed on the
Aşağıdere and operated between 1965 and 1990 in order
to control overflow from the lake (Fig. 1). This artificial
channel has since been closed completely due to an excessive decrease in the volume of lake water since 1990.
The quality of water of Yeniçağa Lake has diminished
over the last decades as a result of increased anthropogenic factors.

FIGURE 1 - Map of Yeniçağa Lake, Turkey.
2.2. Sampling and sample preparation

A total of 34 samples of Cyprinus carpio were collected from Yeniçağa Lake during four consecutive seasons from April 2008 to February 2009 with fishnets by
professional fishermen. Sampling of fish was performed
in April, July, November 2008 and February 2009. The
samples were brought to the laboratory on the same day. The
mean length and weight of the carps were 355 ± 23.5 mm
and 960.2 ± 65.3 g, respectively. The length and weight of
the fish did not vary significantly from season to season
(p>0.05).
Approximately 5 g of the epaxial muscles on the dorsal surface of the fish, the entire liver and 2-3 gill racers
from each sample were dissected and washed with distilled water. The samples were digested with 2 ml HNO3
and 1 ml HClO4 on a hot plate at 80 ºC. The digests were
left to cool at room temperature and diluted with 5 ml
distilled water [15, 16]. All used mineral acids were of the
highest quality grade (Suprapure, Merck, Germany). All
the plastics and glassware were cleaned by soaking overnight in a 10% nitric acid solution, and then rinsed with
deionized water.
The trace metal analyses of fish samples (Al, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Mo, Cd, Sn, Ba, Pb) were carried out
using Inductively Coupled Plasma-Mass Atomic Emission
Spectrophotometry (ICP-MS Thermo Elemental X7). The
accuracy of chemical analyses was checked using a standard
blank solution. The detection limits were 2 ppt for Cd,
10 ppt for Pb, 20 ppt for Cu, 50 ppt for Zn and Fe, 100 ppt
for Al, 25 ppt for As, 3 ppt for Co, 30 ppt for Mn and Ni,
1 ppt for Sn, 3 ppt for Cr, 10 ppt for Ba, and 1 ppt for Mo.
The BAF was calculated according to the equation of
BAF = CB/CWT (CB: mg/kg wet weight concentration of
heavy metals in the fish, CWT: the mg/L concentration of
heavy metals in the water) [17].
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One-way ANOVA and/or Post-Hoc LSD test were
performed to compare the metal concentrations of different tissues and to determine seasonal differences at the
level of 0.05.
3. RESULTS AND DISCUSSION
All metal concentrations were determined on a wet
weight basis (mg/kg). The mean trace metal concentrations in the muscles, liver, and gills of Cyprinus carpio are
summarized in Table 1. In this study, the order in which the
heavy metals were found was Zn>Al>Fe>Mn>Cu>Ba>Ni
>Pb>As>Mo>Cr>Co>Cd>Sn in the liver; Zn>Al>Fe>Mn
>Ba>Cu> Ni>As> Pb>Cr>Co>Mo> Sn = Cd in the gills;
and Zn>Al>Fe>Cu>Mn>Ba>Pb>As>Mo >Ni>Cr>Co>Cd
in muscle. The distribution pattern of Al, Cr, Ni, Cu, As,
Cd, Sn, and Pb followed the order liver>gill>muscle while
this pattern was determined to be gill>liver>muscle for Mn,
Fe, Zn, and Ba. All the metals, except for Sn, were detected
in the analyzed samples, but Sn was below the limits of
detection (1 ppt) in the muscle of Cyprinus carpio. Zn, Al,
Fe, Ba, Mn and Cu concentrations, in particular, were very
high in all studied tissues (Table 1).
Heavy metals were accumulated at varying levels and
clearly distinguishable in the different tissues of Cyprinus
carpio from Yeniçağa Lake. The highest concentrations
were found in the liver and gills while the lowest concentration was detected in the muscles. Relatively high concentrations of heavy metals in the liver and gill have been
reported for a number of fish species (Cyprinus carpio
from 10 uncontaminated fishponds in Czech Republic [18],
Cyprinus carpio from the Indus River (Pakistan) [19], Leuciscus cephalus and Lepomis gibbosus from Sarıçay [20],
Silurus triostegus and Mastacembelus simack from Tigris

River [21], Cyprinus carpio from Beyşehir and Kovada
Lake [22, 23]).
In this study, among the heavy metals, the elements
which accumulated most in the muscles of the fish were
Zn (37.14 mg kg-1), Al (34.52 mg kg-1), Fe (7.99 mg kg-1),
Mn (1.51 mg kg-1), Cu (1.52 mg kg-1), and Ba (0.94 mg
kg-1). These heavy metals also demonstrated significant
accumulation in the liver and gills. The concentration
values of Zn, Al, Fe, Mn, Ba and Cu in the liver and gills
were recorded to be 362-674 mg kg-1, 172-88 mg kg-1, 5981 mg kg-1, 13.9-38.9 mg kg-1, 6.50-33.9 mg kg-1 and 86.63 mg kg-1, respectively (Table 1). Heavy metals, such
as Fe, Cu, Zn, and Mn, are essential and found at considerably higher concentrations in metabolic organs, such as
the liver, than in muscle tissues, presumably due to their
function as a cofactor for the activation of a number of
enzymes [24]. The liver and gill are target organs of accumulation for many heavy metals. The accumulation of
metals in the liver may be based on its extremely high
concentration levels of metallothionein proteins [25]. The
concentration of metals detected in the gill is an important
indicator reflecting the status of the water in which the
fish live [7, 26, 27]. In contrast, it has been reported that
muscle is not an active tissue in accumulating heavy metals [28, 29]. Our results, therefore, seem to be consistent
with information available in the literature. In fact, the gill
results found were very noteworthy due to the high accumulation of Zn, Al, Fe, Mn and Ba we observed. The gills
are in direct contact with water and pollutants that may be
present in water. When considering the concentration of
heavy metals determined in water samples taken from
Yeniçağa Lake, they can be listed in terms of higher to
lower levels in the following order: Fe>Al>Mn>Zn>
Ba>Ni>Cr>As>Cu> Pb>Co [13]. Zn, Al, Fe, Mn, and Ba,
were also present at high concentration in the water of the

TABLE 1 - Statistical analyses results, heavy metal contents (mg kg-1 wet weight) and BAFs of different tissues of
Cyprinus carpio collected from Yeniçağa Lake (same letter in the row shows no statistical difference, p=0.05).

Water (mg/l)
Al
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Mo
Cd
Sn
Ba
Pb

0,0287
0,0022
0,0782
0,0458
0,0004
0,0034
0,0010
0,0271
0,0141
0,0008
0,00487
0,0003
0,0855
0,0044

Liver
a

172.9
0.63a

a

13.90

a

59.45
0.23a
a

2.67
8.60a
362.08 a
a

1.08
0.85a
0.04a
a

0.01
6.50a
1.68a

BAF (liver)

Gill

6024
289
178
1298
561
788
8600
13361

87.6
0.38 b
38.98

40
76
384

b
b

81.18
0.29a

b

2.15
6.63ab
674.1b
a

77
1118
8

BAF (gill)

b

0.88
0.18 b
0.015b
b

0.015
33.96b
0.75 b

1791

3052
174
498
1772
707
634
6630
24871
62
237
3
60
397
171

Muscle BAF (muscle)
c

34.52
0.13c
1.51

c
c

7.99
0.03b

c

0.14
1.52c
37.14c
b

0.23
0.20b
0.005 b
ND
0.94 c
0.30b

1203
60
19
174
73
41
1520
1370
16
263
1
0
11
68
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lake, and the high accumulation of these metals observed
in the gills was a result of the high volumes of water being filtered through the gills.
BAF is a number that shows bioaccumulation as a ratio of the concentration of a chemical inside an organism to
the concentration in the surrounding environment [17]. The
BAFs of the carp tissues are presented in Table 1. While
the BAFs for Al, Fe, Cu, Zn and Mo were remarkably
high in all of the carp tissues investigated, those of other
heavy metals were comparatively lower. The BAF values
of some heavy metals, found at their highest level in carp
liver, were 13361 for Zn, 8600 for Cu, 6024 for Al, 1298
for Fe, and 1118 for Mo. On the other hand, the BAFs of
the carps’ gill tissues were calculated as 24781 for Zn, 6630
for Cu, 3052 for Al, 1772 for Fe, and 237 for Mo. Relatively high bioaccumulation of Fe, Cu and Zn in the liver
and gill have been reported for a number of fish species
(Cyprinus carpio from Kızılırmak [30], Carassius auratus, Capoeta trutta and Cyprinus carpio from Atatürk
Dam Lake [31], Carassius carassius and Chondrostoma
nasus from Enne Dam Lake [32]). Bioaccumulation rates
in the muscle tissue of carp were calculated as 1520 for
Cu, 1370 for Zn, 1203 for Al, 263 for Mo, and 174 for Fe.
The latter demonstrated a relatively higher accumulation
in the muscle tissue of the carp, but the BAF value for Fe
was lower than that for Mo. Although Mn and Ba were
among the most abundant elements observed in all of the
carp tissues, their BAFs were quite low, ranging from 19
to 11. Iron, copper and zinc are essential, with considerably higher concentrations in metabolic organs, such as liver.
Iron is essential for the synthesis of hemoglobin and involved in numerous enzymatic reactions whereas copper
is involved in electron transport. In addition, the activity
of numerous enzymes depends on the presence of copper.
The main role of Zn is that as a cofactor in many enzymatic systems, involved in the utilization of almost all
nutrients [24]. Therefore, higher bioaccumulation of Cu,
Zn and Fe in the tissue of carp can be attributed to stated
essential activity of these elements.
Heavy metal accumulation in fish can pose a health
risk to the humans who consume them. Since the muscle
of fish is the tissue consumed, research into the heavy
metal accumulation of muscle tissue has paid particular
attention to this area. Although many standards or guides
are available on metal residues in fish tissue, we were
unable to find a uniform reference for acceptable levels of
most metals in fresh water fishes. The following information has been compiled by Codex Alimentarius Commission [33], Turkish Food Codex [34] and International
Standards (FAO) [35]: The permissible limits proposed
by these standards and the following maximum levels
for the metals studied, above which consumption is not
permitted, are 0.2 mg kg-1 for Pb; 0.05 mg kg-1 for Cd,
10-20 mg kg-1 for Cu, 0.1 mg kg-1 for As, 50 mg kg-1 for
Fe, 40 mg kg-1 for Zn, 2 mg kg-1 for Cr, and 10 mg kg-1 for
Ni. A comparison between the results we obtained and the
recommended safe levels that have been previously pub-

lished showed that Pb and As values analyzed in muscle
tissues herein were higher than the maximum permitted
concentrations proposed by the guidelines. Moreover, our
Zn values detected in the muscle were very close to the
maximal permitted limit of these guidelines. Zinc is an
essential element and carefully regulated by physiological
mechanisms in most organisms. However, it is also regarded as potentially hazardous substance that can endanger
human health [20]. Lead is a neurotoxin that causes behavioral deficits in vertebrates, a decrease in survival and
growth rates, and learning disabilities [36]. Therefore, we
can conclude that these metals pose a threat to health after
the consumption of Yeniçağa Lake carps, particularly in
the case of As, Zn and Pb. It should be emphasized that
Cd accumulates in human tissue and is, hence, harmful to
human health. The limit for Cd was not exceeded in the
tissue of carps analyzed in this study. Although Mn is one
of the most abundant heavy metals in the water of Yeniçaga Lake [13], no important Mn accumulation was
found in carp muscles of the lake (result below the permissible limit). Giving similar results, Mn had not accumulated
in the fish muscle, a finding that has been reported for a
number of fish species [37, 38]. A comparison between
our results and the recommended safe levels of standards
showed that Cr, Fe, Ni and Cu were lower than the guidelines for the edible parts of the examined fish.
In the present study, the effects of season on the accumulation of heavy metals in the muscle, liver, and gills of the
carp were also determined, and the results are summarized in
Table 2. Statistically, significance analyses (ANOVA) were
performed to assess seasonal variation, and differences
were found for the majority of heavy metals (p<0.05). In
general, the concentration of the tested heavy metals was
observed to be higher in spring and summer but lower in
autumn and winter. However, exceptional results were also
found for some of the metals, and Sn, Cd, Mo, and Ni,
were not detected in any of the carp tissues in autumn and
winter samples. The highest Al, Fe, Cu, Pb and Zn concentrations in the muscle were recorded in winter samples,
and we can infer that this phenomenon could be related to
an increase of fatty tissues in the muscle of carps during
this season. On the other hand, heavy metal accumulation
in the muscle tissue of the carp was lower in the summer
period, and the majority of heavy metals (Cr, Mn, As, Ni,
Mo, and Ba) accumulated in the muscle during spring.
Maximum heavy metal accumulation in the liver and gills
of the carp was determined in the summer months, but an
exceptional result was obtained for Al (maximum level in
autumn). Our seasonal results are consistent with other
studies regarding differences in metal accumulation in
fish tissues being related to seasons. The relatively high
concentrations of heavy metals in spring and summer were
also found in Capoeta capoeta umbla from Keban Dam
Lake [39], Cyprinus carpio, Sander lucioperca and
Carassius carassius from Kovada Lake [23-40], Cyprinus
carpio from Beyşehir Lake [22], and Leuciscus cephalus
from Sava River [41].
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TABLE 2 - Statistical analyses results, mean concentrations (mg kg-1 wet weight), and standard deviations of heavy
metals found in the muscle, liver, and gill tissue of Cyprinus carpio during four seasons in Yeniçağa Lake (same letter in the column shows no statistical difference, p=0.05).

Al

Cr

Mn

Fe

Co

Ni

15.24±1.50a 0.22 ±0.03a 1.78 ±0.30a

8.42 ±1.25a

0.04 ± 0.01a 0.31 ±0.12a

0.28±0.07a

Summer

5.40±0.61b

3.21±0.37b

0.02±0.00a

0.22±0.08a

0.80±0.05b

a

a

ND
ND

0.71±0.08
1.47±0.17c

1.74±0.23a
7.80±1.05b

1.56±0.23a
3.50±0.46b

Muscle Autumn
Winter

0.09±0.02a 0.98±0.18a
c

a

42.14±1.78
75.32±2.97d

a

0.08±0.03 1.75±0.27
0.15±0.03a 1.58±0.10a

9.58±1.22
10.77±2.02a

0.03±0.01
0.04±0.01a

148.21±10.74a 0.45±0.08a 9.75±1.83a 120.2±7.19a 0.27±0.08a
a
b
b
b
b
Summer 155.25±11.33 1.80±0.37 38.40±5.25 80.35±10.25 0.55±0.07
Spring
Liver

Cu

Spring

Autumn
Winter
Spring

280.20±53.2b 0.20±0.05c 5.25±2.50ac
c

d

108.04±22.40 0.06±0.03
a

30.01±6.15

c

2.15±1.01

19.65±4.18c

0.07±0.02c

ND

2.25±0.15c

c

c

ND

1.20±0.09

a

1.90±0.28

17.61±8.23

a

a

a

b

0.04±0.01

a

0.24±0.05 29.08±3.69

ab

b

38.88±7.30

0.25±0.03
b

b

cd

a

a

1.44±0.25

a

ab

Summer

17.04±12.12

0.59±0.53 55.47±38.59 161.29±73.15

0.50±0.23

4.33±2.24

2.95±0.47

Autumn

0.27±0.06a
a
0.23±0.02
Sn

ND

Winter

203.3±187.7c 0.49±0.21a 40.42±12.09b 66.01±10.90c
d
a
a
c
100.0±45.1 0.21±0.16 30.95±5.92 58.56±14.09
Zn
As
Mo
Cd

1.20±0.09ab
c
12.91±5.87
Pb

Spring

38.72±2.14

0.47±0.11

0.64±0.02

0.01±0.01

0.01±0.01

1.81±0.10

0.16±0.03

Summer

10.05±0.65b

0.09±0.01b

ND

ND

0.01±0.00a

0.68±0.14a

0.21±0.05b

Muscle Autumn

c

b

b

0.56±0.12
b
0.70±0.23

0.32±0.07c
d
0.47±0.13

6.90±1.68a

1.49±0.33a

Gill

a

a

Winter

41.26±3.45 0.15±0.02
cd
b
58.54±12.43 0.22±0.03

Spring

487.5±32.80a 0.71±0.11a 1.62±0.28a
ab

Liver

b

958.9±275.0

b

Gill

ND

ND

ND

ND

ND

ND

b

a

Summer 571.09±107.3 2.48±0.53 1.95±0.16
Autumn 244.48±133.3c 0.67±0.11a
ND
cd
a
Winter 145.23±54.97 0.48±0.11
ND
Spring

a

0.68±0.25

a

4. CONCLUSION
This study was carried out to provide information on
heavy metal concentrations in Cyprinus carpio from Yeniçağa Lake. High levels of heavy metals were found in
the liver/or gill, while the lowest levels were observed in
the muscle of Cyprinus carpio. The Pb and As values
analyzed in the edible part of fish were all over the limit
for fish proposed by FAO, TFC, and Codex Alimentarius
Commission. In particular, the Pb and As results from the

b

0.61±0.08

a

a

b

17.77±6.74

c

b

3.35±0.51

1.04±0.42a
a
0.95±0.42

ND

ND

ND

ND

0.95±0.52
c
0.99±0.68

a

ND

ND

27.50±10.36

b

0.03±0.25
ND
ND

Summer 1110.0±289.0 1.13±0.90 0.08±0.02
a
ab
Autumn 341.8±162.4 1.07±0.64
ND
a
285.3±55.71 0.65±0.16a
Winter
ND

The seasonal variation of metal accumulation can depend
on biotic and abiotic factors, including seasonal conditions,
the kind of metal, the internal biological cycles of the organism, and changes in the availability of a metal in the
environment. The increase of heavy metal accumulation in
spring and summer could also be due to an increase in the
physiological activity of fish because of increasing water
temperature and higher food supply during spring [6-41].

0.06±0.01a

a

0.17±0.03

0.47±0.02

ab

0.03±0.00a

ND
Ba

a

1.00±0.65

b

1.26±0.75

0.06±0.05 48.79±31.50
a
ND
34.63±9.29
32.92±7.13a
ND

b
b
b

0.61±0.38
0.16±0.03a

muscle tissues of the carps were not within the safe limits
for human consumption. The detected Zn level in the
muscle of the fish was very close to the maximum limit
permitted in the above guidelines. In conclusion, although
the level of Zn observed was not high, a potential danger
may emerge in the future.
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ABSTRACT
The capacity of Prunus serotina bark to remove hexavalent chromium [Cr(VI)] and total chromium from acidic
aqueous solutions was investigated. P. serotina bark exhibited high Cr(VI) removal capacity (93.61 mg g-1) as
well as total chromium removal capacity (69.93 mg g-1). The
mechanism of Cr(VI) removal by P. serotina bark implies
two simultaneous processes: 1) the reduction of Cr(VI) to
Cr(III) in the presence of P. serotina bark in an aqueous
acidic solution, and 2) the biosorption of chromium ions.
The kinetic model that satisfactorily described the chromium biosorption process from the Cr(VI) solution was
the pseudo second-order model. The experimental results
suggest that P. serotina bark biosorbed chromium ions
predominantly by a chemical sorption phenomenon. The
results of this work underline that P. serotina bark may be
used as an effective and low-cost biomaterial for the removal of both Cr(VI) and total chromium from polluted
water and wastewater.

KEYWORDS: Prunus serotina bark; hexavalent chromium
[Cr(VI)], total chromium, biosorption, bioreduction.

1. INTRODUCTION
Environmental contamination arising from industrial
and technological activities is of increasing economic,
public health, and environmental significance. Among the
different types of contaminants released into the environment, heavy metals currently appear to be the pollutants
of highest priority because they are quickly turning into a
severe environmental problem [1,2].
Chromium [Cr] is among the most common heavy
metal pollutants found in industrial wastewaters [3], and
is exceedingly toxic to human health [4]. Chromium is re-

leased to the environment by a large number of industrial
operations, including the metallurgical, refractory and
chemical industries [5,6]. While hexavalent and trivalent
species of chromium are prevalent in industrial
wastewaters [7], the hexavalent form of chromium
[Cr(VI)] is the most dangerous to public health due to its
higher solubility in water, higher mobility in the environment, and to its toxic, mutagenic, and teratogenic traits
[8,9]. Therefore, the removal of Cr(VI) from the contaminated environments and industrial wastewaters is important [10,11].
Conventional waste management options of Cr(VI)
removal from industrial effluents include chemical precipitation, ion exchange, reverse osmosis, and electrocoagulation, which are in some cases extremely expensive, and in
spite of this, ineffective at lower concentrations of Cr(VI)
ions. On the other hand, conventional Cr(VI) removal
options may also produce secondary residues, which, in
turn, involve treatment and disposal problems [1,12]. It is
therefore imperative to develop financially viable, efficient, and secure technologies to remove chromium ions,
Cr(VI), from industrial wastewaters [6].
Biosorption has emerged as a promising bioremediation strategy for cleaning up water that has been contaminated with toxic metals by anthropogenic activities and/or
by natural processes [13]. Biosorption utilizes the properties of certain kinds of inactive or dead biomass to bind
and accumulate toxic metal pollutants by different mechanisms, such as physical adsorption, surface-microprecipitation, and chemisorption by ion exchange, complexation,
coordination and chelation, which can occur individually
or combined [14].
A vast array of biomaterials, such as nonliving bacteria,
seaweed, micro-algae, filamentous fungi, yeasts, and
agroindustrial, forestry, and fishery biowastes have been
studied regarding their Cr(VI) removal capacity from
aqueous solutions [6]. Forestry biowastes have attracted
increasing attention in recent years for the removal of
Cr(VI) ions from aqueous solutions due to their excellent
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performance, abundance in nature, large availability and
low cost [6, 11, 15-17].
The Capulín (Prunus serotina Ehrh.) is a deciduous
tree which grows 15-30 m tall with a trunk diameter up to
70-120 cm. This tree is native to North America, but its
distribution range covers from southern Canada to southern Bolivia [18,19]. Nevertheless, it has become widely
naturalized throughout Europe where it has been planted
as an ornamental and for timber production [19,20]. Its
ready availability in large quantities in nature makes P.
serotina bark (PSB) a potential candidate to be used in the
removal of heavy metals from aqueous solution.

and other potential side effects (metal precipitation, etc.).
Biomaterial-free controls consisted of the Cr(VI) ion solution without biomaterial, and blanks consisted of biomaterial and distilled deionized water.

The main purpose of this work was to evaluate the
potential of PSB to remove Cr(VI) and total chromium from
aqueous solutions. In addition, the kinetic process of chromium biosorption onto PSB is described herein.

Hexavalent and total chromium removal performance
of PSB was evaluated according to three criteria: removal
efficiency (E, %), capacity (qt, mg g-1), and volumetric removal rate (r, mg L-1 h-1), which were calculated as follows
[7,11]:

Samples were collected at different experimental times
and filtered through filter paper (Whatman, pore size =
2.5 µm). Cr(VI) and total chromium concentrations were
analyzed in the filtrates.
Three independent replicates confirmed that the Cr(VI)
and total chromium removal experiments were reproducible within a 5% error, and mean values are reported herein.

2. MATERIAL AND METHODS

(C0 − Ct ) 100

E=

C0

2.1. Biomaterial preparation

Samples of PSB were collected at the municipality of
Panotla, state of Tlaxcala, Mexico. Bark samples were
washed thoroughly with distilled deionized water and then
oven-dried at 60°C until the dry weight was constant. The
dried samples were then ground in a hammer mill (Model
DCFH-48, Glen Creston Ltd.), and the resulting particles
were screened using American Society for Testing and
Materials (ASTM) standard sieves. The fraction of particle size between 0.3 and 0.5 mm was used in the Cr(VI)
and total chromium removal experiments performed in
this work. The sieved biomaterial was stored in an airtight
plastic container until used.
2.2. Batch experiments for Cr(VI) and total chromium removal

Batch experiments were performed to evaluate the potential of PSB to remove Cr(VI) and total chromium from
aqueous solutions. The test Cr(VI) solution was prepared
by dissolving a weighed amount of analytical grade potassium chromate (K2CrO4, JT Baker, purity = 99.7%) in distilled deionized water. The concentrations of Cr(VI) and
total chromium in the solution were then measured.
All experiments were conducted in 500-ml Erlenmeyer
flasks containing 100 mL of synthetic chromium ion solution at an initial metal concentration of 100 ± 2 mg L-1 and
1 g (dry weight) L-1 of PSB with a particle size of 0.30.5 mm. The pH of the chromium ion solution was adjusted to 2.0 with 0.1 N HCl solutions. Flasks were agitated in an orbital shaker (Model K12504-70, Cole Parmer
Inc.) at 140 rpm and 28 ± 1 °C. No efforts were made to
maintain the solution pH constant throughout the course of
the experiments.
Blanks and biomaterial-free controls were run concurrently and under exactly the same conditions as those used
for the Cr(VI) and total chromium removal experiments in
order to check for glassware sorption of the heavy metal

qt =

r=

(C0 − Ct ) V
W

(C0 − Ct )
(t − t 0 )

(1)

(2)

(3)

where Co is initial Cr(VI) or total chromium concentration (mg L-1) at time to = 0 h, Ct is residual Cr(VI) or
total chromium concentration (mg L-1) at time t = t (h), V
is solution volume (L) and W is dry weight of the biomaterial (g).
2.3. Biosorption kinetics modeling

In order to describe the kinetic profiles of total chromium biosorption onto PSB from the Cr(VI) aqueous solution, two different mathematical models were used to interpret the experimental data: pseudo first-order and pseudo
second-order. These models have been widely used to
analyze and understand sorption kinetics of heavy metals
by different biomaterials [21-25].
2.4. Regression and error analysis

The parameters of the kinetic models were evaluated
by experimental data linear regression analysis using
MATLAB® R2010b software (The MathWorks Inc.). To
evaluate the fit of the mathematical model to the experimental data, the optimization procedure requires an error
function to be defined [26]. Therefore, the correlation coefficient (R2), the residual or sum of squares error (SSE), the
root mean squared error or standard error (RMSE) of the
estimate and the 95% confidence intervals of the model
parameters were used with the purpose of measuring the
goodness-of-fit of the biosorption kinetic models.
The calculated expressions of SSE and RMSE error
functions are as follows [26]:
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(4)

t =1

RMSE =

1 m
(q ei − qi )2
∑
m − p i =1

(5)

where qi is the experimental biosorption capacity
from the batch experiment i, qei is the biosorption capacity
predicted by the biosorption model for corresponding qi,
m is the number of observations in the batch experiment,
and p is the number of parameters in the regression model
[26]. An R2 close to 1.0 and small SSE, RMSE and confidence interval values indicate more precise curve fitting.

the concentrations of Cr(VI) and total chromium were low,
of about 8.4 and 32 mg L-1, respectively. At all contact
times assayed, residual total chromium concentration was
considerably higher than Cr(VI) concentration. As time increased the ratio of total chromium to Cr(VI) increased.
The differences found between residual Cr(VI) concentration and total chromium concentration were due to
the appearance of Cr(III) in the liquid phase (Figure 1),
which was not present in the aqueous phase at the start
of the experiment, and its concentration increased in proportion to Cr(VI) depletion. Figure 1 also shows that the
concentration of Cr(III) in solution increased from 0 up to
23.7 mg L-1, as contact time elapsed from 0 to 120 h.

2.5. Analytical techniques

Cr(VI) concentration was determined by photocolorimetric methods using a Genesys™ 10 UV-Visible spectrophotometer (Thermo Electron Scientific Instruments
Corporation), following the procedures outlined in the
Hach Water Analysis Handbook [27]. Cr(VI) in the filtrates was measured at 540 nm by the 1,5-diphenylcarbohydrazide method, using a single dry powder formulation
called ChromaVer3™ Chromium Reagent. This reagent
contains an acidic buffer combined with 1,5-diphenylcarbohydrazide, which reacts to give a purple color when
Cr(VI) is present. Color intensity was directly proportional
to the amount of Cr(VI) present.
Total chromium concentration (essentially, the sum
of Cr(VI) and Cr(III)) was measured by atomic absorption
spectrophotometry (SpectrAA 100, Varian, Inc.) with an
acetylene-air flame [28].
Cr(VI) and total chromium concentrations were proportional to their optical absorbance and were quantified
by external standards, with a ten-point calibration curve.
Trivalent chromium [Cr(III)] concentration in solution
was calculated by subtracting residual Cr(VI) concentration from residual total chromium concentration [29].
Variation of pH during the Cr(VI) and total chromium
removal experiments was monitored using a pH meter
(Model Orion 3-Star Plus, Thermo Scientific).
3. RESULTS AND DISCUSSION
3.1. Kinetics of Cr(VI) and total chromium removal from
aqueous solutions

Cr(VI) and total chromium removal variation profiles
obtained when PSB was brought into contact with a Cr(VI)
solution at initial pH of 2.0 are shown in Figure 1. Residual Cr(VI) and total chromium concentrations decreased
non-linearly as experimental contact time increased. The
decline was more pronounced during the first hours of
contact between PSB and the Cr(VI) aqueous solution.
It must be noted that even if PSB was not able to remove the entire Cr(VI) and total chromium initially added
to the aqueous solution, at the end of the experiment (120 h)

FIGURE 1 - Variations of hexavalent chromium (), total chromium
(£), and trivalent chromium (u) concentrations, and of solution
pH (Ò), as function of contact time. When not shown, error bars are
smaller than symbol size.

These results suggest that reducing organic compounds
forming part of the PSB, chemically reduced some of the
Cr(VI) to Cr(III) when PSB was in contact with the Cr(VI)
solution under acidic conditions (pH = 2). The process of
Cr(VI) reduction occurred quite rapidly, as Cr(III) was detected in the aqueous solution few hours after initiation of
contact between PSB and Cr(VI) solution. Therefore, PSB
has the advantage of transforming Cr(VI) to Cr(III) which
is less soluble in water, less mobile in the environment [30],
100 times less toxic [31], and 1000 times less mutagenic
[32] than Cr(VI). Besides, Cr(III) is in fact required in
trace amounts for sugar and lipid metabolism, and for the
utilization of amino acids [3].
The capacity of PSB to reduce Cr(VI) to Cr(III) at
acidic pH values has been previously reported for other
biomaterials, such as Schinus molle bark [11], Cupressus
lusitanica bark [6], native and chemically activated hazelnut shell (Corylus avellana L.) [33], a lignocellulosic
substrate extracted from wheat bran [34] and olive stone
[10], among others. When Cr(VI) becomes in contact with
biomaterials, especially in an acidic solution, the Cr(VI)
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can be easily or spontaneously reduced to Cr(III), because
Cr(VI) has high redox potential value, above +1.3 V under standard conditions [35].
Interestingly, during the process of Cr(VI) removal
by PSB in the present study, the solution pH rose from
1.95 to 2.18 as contact time elapsed from 0 to 72 h, and
thereafter remained almost at the same value (Figure 1).
These results indicate that protons were consumed during
the Cr(VI) reduction process. This increase in solution pH
during Cr(VI) removal using inactive biomaterials has
been reported elsewhere [6,36] and has been ascribed to
the reduction of Cr(VI) to Cr(III), a process that consumes
protons according to the following chemical semi-reactions
[36]:
Cr2O72 − + 14 H + + 6 e− ↔ 2 Cr 3+ + 7 H 2O

Ε0 = +1.33V

(6)

CrO42 − + 8 H + + 3 e− ↔ Cr 3+ + 4 H 2O

Ε0 = +1.48V

(7)

H 2CrO4 + 6 H + + 3 e− ↔ Cr 3+ + 4 H 2O

Ε0 = +1.33V

(8)

HCrO4− + 7 H + + 3 e− ↔ Cr 3+ + 4 H 2O

Ε0 = +1.35V

(9)

Some chemical compounds present in biomaterials,
such as polysaccharides, polyphenols, low molecular
weight carbohydrates, and proteins, whose redox potential are generally lower than those of chromate species,
are good electron donors and have therefore the capacity
of reducing Cr(VI) to Cr(III) under acidic conditions [37].
Lignocellulosic materials have also proved to be able to
reduce Cr(VI) at low pH values [16,34]. Several of these
compounds, for instance, polyphenols, polysaccharides,
disaccharides, monosaccharides and lignocellulose, are
constituents of the bark of trees [38-41] and may also be
the components of the PSB that reduced Cr(VI) to Cr(III)
as described herein.
On the other hand, from results shown in Figure 1, it is
evident that PSB was capable of removing much of the
total chromium initially present in the aqueous solution,
indicating that it was also capable of biosorbing chromium.
Low pH values are known to favor the reduction of
Cr(VI) to Cr(III); thus, experiments with biomaterial-free
controls were done under the same conditions as those
used for the Cr(VI) reduction and total chromium removal
experiments in order to determine if chromium reduction
and removal was influenced by pH in the absence of the
biomaterial. Throughout the experiments conducted in
this work, no measurable change in Cr(VI) or total chromium concentration was detected in the biomaterial-free
controls, which indicates that the observed Cr(VI) and
total chromium removal was exclusively due to PSB
[6,11].
In view of the above findings, it can be concluded
that the mechanism for Cr(VI) removal by PSB in fact
implies two simultaneous processes: 1) the reduction of
Cr(VI) to Cr(III) in the presence of PSB in an acid aqueous solution, and 2) the biosorption of chromium.

Regarding the biosorption of chromium from Cr(VI)
aqueous solutions, several researchers have proposed that
the removal mechanism of Cr(VI) by natural biomaterials
is adsorption-coupled reduction [16,35,42]. In this sense,
reduction of Cr(VI) to Cr(III) followed by cationic adsorption was proposed by Kratochvil et al. [42] for Sargassum seaweed biomass. Likewise, Fiol et al. [16] suggested that Cr(VI) sorption process involves two different
mechanisms: adsorption of Cr(VI) oxyanions and reduction of Cr(VI) to Cr(III), releasing into the solution totally
or partially the formed trivalent chromium. Park et al.
[4,35] proposed a model for Cr(VI) removal by natural
biomaterials which comprises two mechanisms: one is the
direct reduction of Cr(VI) to Cr(III) produced by contact
with the biomass, and the second consists of the binding
of Cr(VI) with positively charged functional groups of the
biomaterial surface, the reduction of Cr(VI) to Cr(III) by
adjacent groups with a lower potential reduction value
than that of Cr(VI), and the liberation of Cr(III) brought
about by electrostatic repulsion between the positively
charged functional groups and the Cr3+ cation. Another
model by Netzahuatl et al. [6] proposed that chromium biosorption by Cupressus lusitanica bark from Cr(VI) solutions involves the following steps: formation of Cr(VI)
complexes caused by the interaction between Cr(VI) ions
and oxygen-containing groups (biosorption of Cr(VI) oxyanions) present in the bark surface, reduction of Cr(VI) to
Cr(III), formation of carboxyl groups by the oxidation of
oxygen-containing groups, and interaction of Cr(III) with
carboxyl groups to form Cr(III)-carboxylate complexes
(biosorption of Cr(III)). These proposals evidently consider that the removal of chromium from Cr(VI) solutions
involves two effects: biosorption and reduction.
On the other hand, it is well known that at pH values
of 2.0 and 3.0 of the aqueous solution, the major Cr(VI)
species in solution is hydrogen chromate [HCrO4-] [16],
which can bind to the amino, carboxyl and sulfonate
groups of biomaterials with the aid of protons present in
the aqueous phase, as follows [29]:
B − NH 2 ( s ) + HCrO 4− (aq ) + H + (aq ) ↔ B − NH 3+  HCrO 4− ( s )

(10)

B − COOH (s) + HCrO4− (aq ) + H + (aq ) ↔ B − COOH 2+  HCrO4− (s)

(11)

B − SO3 H ( s ) + HCrO4− (aq ) + H + (aq ) ↔ B − SO3 H 2+  HCrO4− ( s)

(12)

where B stands for the biosorbent.
The above-mentioned equations (9-12) show that the
adsorption and reduction of hydrogen chromate ions lead
to the consumption of protons, which in turn result in a
pH increase, as was observed in this work. From the results presented herein, it seems that PSB removed Cr(VI)
from the aqueous solution by the following three steps: 1)
adsorption of the HCrO4- anion, 2) reduction of Cr(VI) to
Cr(III) and 3) totally or partially releasing the formed trivalent chromium into the solution. The pH increase and the
appearance of Cr(III) in the aqueous solution support this
premise. These three steps constitute the basic chemisorption mechanism
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On the other hand, removal efficiency increased
asymptotically as contact time advanced, reaching a value
of 91.8% of hexavalent chromium and of 68.6% of total
chromium removal at the end of the experiment (data not
shown). Throughout the experimental period, hexavalent
chromium removal efficiency was higher than total chromium removal efficiency, and this difference was ascribed to the reduction of Cr(VI) to Cr(III).
Cr(VI) and total chromium removal capacity by PSB
at different experimental contact times is shown in Figure 2.
Both Cr(VI) and total chromium removal capacity increased
asymptotically as experimental contact time increased.
Throughout the experiment, Cr(VI) removal capacity was
higher than total chromium removal capacity, and this was
due to the amount of Cr(VI) which was reduced to Cr(III)
by PSB and released into the aqueous solution.

higher than that reported for Larix leptolepsis bark [47],
grape stalks, yohimbe bark, cork, olive stones [48], hazelnut shell [33], lignocellulosic substrate extracted from wheat
bran [34], and coconut-activated carbon [49]. These findings indicate that PSB is one of the best biosorbents for
total chromium removal from aqueous solutions hitherto
reported and could therefore be effectively used to detoxify wastewaters polluted with Cr(VI).
The volumetric removal rate variation profiles of
Cr(VI) and total chromium as a function of contact time
are shown in Figure 3. Volumetric rates of Cr(VI) and total
chromium removal decreased rapidly during the first two
hours of contact, the reduction was then slower and, lastly,
changes in volumetric rates were negligible. These findings
indicate that the Cr(VI) removal and chromium biosorption processes were very fast during the first two hours of
contact after which they gradually became slower probably due to the exhaustion of functional groups responsible
for Cr(VI) reduction and chromium biosorption, such as
phenolic and carboxyl groups [6,11].

FIGURE 2 - Variations of hexavalent chromium () and total chromium (£) removal capacity as a function of contact time. When not
shown, error bars are smaller than symbol size.

The highest Cr(VI) removal capacity value shown by
PSB was 93.61 mg g-1, obtained after 120 h of contact
time (Figure 2). This removal capacity is higher than that
reported for sugarcane bagasse, maize corncob, Jathropa
oil cake [43], activated Eucalyptus bark [15], Pinus sylvestris cones [44], residual lignin produced by a paper
plant [45], and Hevea brasilinesis sawdust activated carbon [46]. It should be noted that residual total chromium
concentrations were not measured in the aforesaid studies;
therefore, it was not determined whether the removal of
Cr(VI) by these biomaterials is only a result of the Cr(VI)
reduction process or if there is also a chromium biosorption process.
Under the assayed conditions, the highest total chromium removal capacity of PSB was 69.93 mg g-1, and it
was reached after 120 h of contact between the biomaterial and the Cr(VI) solution (Figure 2). This capacity is

FIGURE 3 - Variations of the volumetric removal rate of hexavalent
() and total chromium (£) as a function of contact time. When not
shown, error bars are smaller than symbol size.
3.2. Modeling the kinetic process of chromium biosorption
onto PSB

With the purpose of investigating the mechanism of
chromium biosorption onto PSB and its potential rate-controlling steps, two chemisorption kinetic models were presently used to evaluate the experimental data: pseudo firstorder and pseudo second-order processes.
The pseudo first-order rate model of Lagergren is
based on the sorption capacity of the adsorbent, and it is
generally expressed as follows [50]:

1800

dq t
= k1 ( q e − q t )
dt

(13)
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where qe and qt are the sorption capacity (mg g-1) at
equilibrium and at time t, respectively, and k1 is the rate
constant of pseudo first-order sorption (h-1).
Integrating and applying the boundary conditions t =
0 to t = t and qt = 0 to qt = qt, equation (13) takes the
form:

ln(qe − qt ) = ln qe − k1t

(14)

The straight line plot of ln(qe – qt) versus t can be
used to ascertain the rate constant (k1) and the equilibrium
sorption capacity (qe).
The pseudo second-order kinetic model is also derived
on the basis of the sorption capacity of the adsorbent, and
it is expressed as follows [50]:

dq t
= k 2 (qe − qt ) 2
dt

(15)

where k2 is the rate constant of second-order biosorption (g mg-1 h-1). For the boundary conditions t = 0, qt = 0,
and t = t, qt = qt, the integrated and linear form of equation (15) becomes [50]:

t
1
1
=
+
t
q t k 2 q e2 q e

(16)

t
1 1
= + t
qt h qe

(17)

confidence intervals of the kinetic model parameters wider than those of the pseudo second-order kinetic model.
Also, the equilibrium chromium biosorption capacity value
estimated from the pseudo first-order model (qe = 34.92 mg
g-1) did not show good agreement with the experimental
value (exp qe = 69.93 mg g-1).
The differences between the model-predicted and experimental values of qe may be due to the fact that there is
a lag in time, probably caused by the presence of a boundary
layer or external resistance control at the beginning of the
biosorption process [51]. The statistical results in Table 1
indicate that the pseudo first-order model is not appropriate to explain the chromium biosorption kinetics of the
present experimental data. This finding is in agreement
with most previously reported results on the kinetic modeling of heavy metal biosorption systems, in which the
pseudo first-order model does not fit the kinetic data well
for the entire range of contact time, and generally underestimates the equilibrium biosorption capacity values [6,
11, 21, 51].

where h = k2qe2 and it is defined as the initial sorption
rate (mg g-1 h-1).
If pseudo second-order kinetics is applicable, the plot
of t qt-1 versus t (equation 17) should give a linear relationship, from which qe, k2 and h can be estimated from
the slope and intercept of the plot.
Table 1 shows the pseudo first-order and pseudo second-order model parameter values along with the corresponding correlation coefficient (R2), mean square error
(SSE), root mean squared error (RMSE) and 95% confidence interval values.
TABLE 1 - Parameters of the pseudo first-order and pseudo secondorder models for total chromium biosorption onto Prunus serotina
bark.

qe
[mg g-1]
34.92 ± 8.97

Pseudo first-order model
k1
R2
[h-1]
0.0441 ± 0.009
0.941

SSE

RMSE

0.653

0.2857

Pseudo second-order model
qe
k2
h
R2
SSE
RMSE
-1
[mg g ]
[g mg-1 h-1]
[mg g-1 h-1]
70.29 ± 2.58 0.00397 ± 0.0024
19.615
0.9976 0.0089 0.0314
Numbers after the symbols ± indicate 95% confidence limits.

As can be seen from Table 1, the correlation coefficient for the pseudo first-order kinetic model was found to
be lower, the SSE and RMSE values higher, and the 95%

FIGURE 4 - Pseudo second-order chemisorption kinetics of chromium onto P. serotina bark ( experimental data; ⎯ pseudo secondorder model).

Contrary to the pseudo first-order model, the pseudo
second-order model predicts the experimental behavior of
chromium biosorption onto PSB along the total range of
contact time (Figure 4). This was consistent with the better
results obtained with the pseudo second-order model, as
this model rendered the highest correlation coefficient, the
lowest SSE and RMSE values, and the narrowest confidence interval values for the model parameters (Table 1).
Furthermore, the value of chromium biosorption capacity at
equilibrium predicted by the pseudo second-order model
(qe = 70.29 mg g-1) agreed very well with the experimental
equilibrium biosorption capacity value (exp qe = 69.93 mg
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g-1; P < 0.05). The initial biosorption rate (h) and the rate
constant (k2) of the pseudo second-order model were
found to be 19.615 mg g-1 h-1 and 0.00397 g mg-1 h-1,
respectively (Table 1).
In accordance with the comparison of two chemisorption kinetic models, the total chromium biosorption system using PSB followed a pseudo second-order kinetic
correlation. This suggests that the rate-limiting step was a
chemisorption process involving valence forces through
electron sharing or exchange between PSB and chromium
ions, complexation, coordination, and/or chelation [21]. The
pseudo second-order kinetic model has also been successfully applied to biosorption of dyes [23,52], herbicides, oils
and other organic substances [23], and to metal ion biosorption, among which is included chromium [45,53-57].
4. CONCLUSIONS
PSB was evaluated in its capacity to remove Cr(VI)
and total chromium from aqueous solutions. The Cr(VI)
removal process by PSB includes two main effects: 1) reduction of Cr(VI) to Cr(III), and 2) biosorption of chromium, the latter being the rate-controlling step.
Under the assayed conditions, the highest values of
Cr(VI) and total chromium removal capacities by PSB
were 93.61 and 69.93 mg g-1, respectively. The high chromium removal capacity values obtained in the present work
suggests that PSB is one of the best biomaterials currently
available for removal of Cr(VI) and total chromium from
aqueous solutions.
The kinetic model that best described the total chromium biosorption process was the pseudo second-order
model, which suggests that this process chiefly occurs as
a result of chemisorption.
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ABSTRACT

1. INTRODUCTION

Nitrobenzene (NB) and aniline (AN), widely used as
chemical industrial materials, are commonly found as organic pollutants in groundwater. Among all the remediation
technologies for organic chemical-contaminated groundwater, air sparging and bioaugmentation are two kinds of
frequently used and cost-effective methods. In this study,
air sparging and bioaugmentation were combined to remediate NB and AN contaminated shallow groundwater (laboratory scale) to overcome their own shortcomings. The
results showed that sole air sparging removed NB and AN
effectively, but only 90% of them. After a NB and AN
degrading bacterial consortium was augmented, 99.0% of
NB and AN were removed, which indicates that the combination of air sparging with bioaugmentation may remediate NB and AN to a much lower concentration (e.g.,
regulatory level). Groundwater analysis showed that NB
and AN removal occurred mainly in upstream and midstream of the simulation system. In this system, air
sparging provided adequate dissolved oxygen for injected
bacteria and about 2~3 mg/L of dissolved oxygen was
consumed in the biodegradation. PCR-DGGE analysis
showed that injected degrading bacteria migrated with the
depletion of NB and AN, and its intensity was affected by
the concentrations of NB and AN. Overall, combining air
sparging with bioaugmentation together increased the removal efficiency of NB and AN, and it is a cost-effective
technology for the remediation of groundwater contaminated with NB and AN.

KEYWORDS: nitrobenzene; aniline; air sparging; bioaugmentation; remediation
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Contamination of shallow aquifers by accidental industrial chemical spills is a widespread environmental
problem [1]. For example, an explosion occurred on November 13, 2005, at an AN production factory of the Jilin
Petrochemical Corporation (Jilin Province, China), which
led to a world-shaking water pollution accident. Over 100 t
of NB and related compounds were released into the environment [2]. These toxic organic pollutants traversed
through the unsaturated zone into the local groundwater
system and caused serious groundwater pollution. NB and
AN were recognized as the dominant organic pollutants by
monitoring and analyzing the contaminated groundwater.
NB is categorized as a priority pollutant by the US
EPA. It may cause cyanosis, skin and eye irritation, affecting the central nervous system [3, 4]. NB can undergo
partial reduction in the anaerobic zones of aquifers, sometimes producing more bioavailable and more mobile aromatic amine products [5, 6] . NB is also degradable under
aerobic conditions [7]. However, the required aerobic
bacteria are not widely distributed in the environment [8].
AN also has strong toxicity, and is listed as an environmental priority pollutant by many countries [9]. AN biodegradation has been observed under nitrogen reducing [5,
10], sulfate reducing, methanogenic [5], and aerobic conditions [11]. Aerobic degradation can be more easily
stimulated and faster than anaerobic processes [8].
A variety of remediation technologies have been developed to treat contaminated groundwater [1]. Among all
these technologies, air sparging, which is an in-situ stripping process designed to remove volatile organic compounds (VOCs) from the saturated zone, is a relatively
cost-effective technology for the remediation of groundwater [12], and it has achieved success at many field sites
[13]. The injection of air below the water table not only
induces mass transfer of volatile contaminants into the
vapor phase but also introduces oxygen to the groundwater to enhance aerobic biodegradation [14, 15]. Therefore,
air sparging is suitable for NB and AN contamination
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removal. However, it may not remove the contaminants
completely [16, 17].
An alternative groundwater remediation technology is
in-situ bioaugmentation, which can completely degrade the
target contaminants leaving potentially non-toxic end products [1]. This technique has already been successfully applied in remediation of shallow aquifers contaminated by
petroleum hydrocarbons [18-20]. Bioaugmentation, as an
economical and effective method of bioremediation, has
emerged as one of the most advantageous groundwater
clean-up technologies for sites contaminated by organic
pollutants [21-24]. However, the injected bacteria need oxygen as electron acceptor to degrade the organic contaminants, and they may die out soon after the dissolved oxygen is depleted. Moreover, the added bacteria may be inhibited by high concentrations of organic contaminants
(such as NB and AN) [25].
In this research, air sparging and bioaugmentation were
combined to remediate a simulated NB and AN contaminated groundwater sequentially. Air sparging was firstly
used to decrease the concentration of NB and AN, and
bioaugmentation was used to remediate the residual NB
and AN with dissolved oxygen. The removal efficiencies
of NB and AN were investigated, and polymerase chain
reaction-denaturing gradient gel electrophoresis (PCRDGGE) technique was used to investigate the changes of
the microbial community structure in the groundwater to
investigate the migration of bacterial consortia capable of
degrading. The purpose of this research was to explore a
new technology for the remediation of NB and AN contaminated shallow groundwater, and provide theoretical
and technological guidance for real-site remediation.

2.3. Aquifer media and experimental water

Aquifer media were composed of different sizes of
natural sand. The experimental water was taken from the
groundwater of the explosion site, the main organic pollutants were NB and AN, and the secondary organic pollutants were BTEX. The properties of experimental water
were as follows: pH 7.82, NH4+ 6.1 mg/L, Cl- 142.6 mg/L,
SO42- 449.8 mg/L, TOC 15.4 mg/L, NB 26.6 mg/L, and
AN 7.5 mg/L.
2.4. Simulated groundwater system

The experiment was conducted in an organic glass
tank, which was 60 cm long, 20 cm wide and 38 cm high
(Fig. 1). The tank was filled with different sizes of natural
sand (proportion: 48.2% of particles that is Φ (particle
size) ≤0.5 mm, 30.2% of 0.5 mm < Φ ≤1.0 mm, 9.3% of
1.0 mm < Φ ≤2.0 mm, 12.3% of 2.0 mm < Φ ≤3 mm).
The sand was filled into the tank until it reached 28 cm.
Permeable coefficient of aquifer was 39.9 m/d. Aquifer
medium was covered with a clay layer of 6 cm thickness,
which was used to simulate the vadose zone. Two rows of
multi-level sampling holes were set and named as A, B,
C, D, E, F, G, H, I and 1, 2, 3, 4, 5, 6, 7, 8, 9. Three wells
with bore holes at the bottom were installed, the first well
was mixed culture injection well, and the other two wells
were air sparging wells.
bioaugmentation

compressed air

injection well

compressed air

air sparging well

air sparging well

clay

vadose zone

z=0 cm

2. MATERIALS AND METHODS

A

z=-7 cm

2.1. Microorganisms

influent

Mixed culture was obtained and incubated from the
groundwater contaminated by NB and AN. In the mixed
culture, two strains of functional bacteria were contained
and designated as strain A1 and strain A2. Strain A1 is a
NB-degrading bacterium and identified as Pseudomonas
corrugate while strain A2 is an AN-degrading bacterium
and identified as Pseudomonas fluorescens.
2.2. Growth of bioaugmentation enrichment

The bioaugmentation enrichment was grown in a mineral salt medium with NB (50 mg/L) and AN (50 mg/L) as
carbon and nitrogen sources. The mineral medium compositions (in mg/L) were as follows: Na2HPO4·12H2O (3,000),
KH2PO4 (1,000), KCl (3,000), MgSO4·7H2O (200). The incubation bottles were placed on a rotary shaker at 100 rpm in
a 10 °C refrigerator and grew to optical densities (OD600) of
0.6. The cells were centrifuged and washed with phosphate buffer to remove growth media before being added
to the simulated groundwater. The ratio of A1 and A2 was
about 1:1.

B

C

D

1
x=0 cm

2

F

G

H

I

saturated zone

sand

multi-level
sampling holes

z=-22 cm

E

effluence

flow

3

4

5
x=25 cm

6

7

8

9
x=50 cm

FIGURE 1 - Schematic diagram of the simulated groundwater
system.
2.5. Remediation system operation

The groundwater remediation system was operated in
three modes: (1) Debugging mode (without air sparging
and bioaugmentation), simulating the aquifer contaminated
by explosion in Jilin Province, China; (2) Air sparging
mode: compressed air was injected into the groundwater by
the aeration device through two air sparging wells, with
aeration flux of 2 L/min; (3) Bioaugmentation: bacterial
suspension (200 ml) was added into the injection well.
The bacteria suspension was made of NB and AN degrading bacterial consortia and phosphate buffer. The optical
density (OD600) of the bacteria suspension was 0.6. BTEXdegrading bacterial consortia were also added to remediate
BTEX pollution simultaneously. Only the removal efficien-
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cies of NB and AN by air sparging and bioaugmentation
will be discussed herein.
The remediation experiment was conducted over a 4month period, as shown by the timeline in Fig. 2. At each
experimental mode, water samples were collected from
the sampling holes every 3 days and the concentrations of
NB, AN and dissolved oxygen (DO) were monitored regularly. In order to investigate the migration of the injected
degrading bacteria in the remediation system, six sampling points were set in the center of the system along the
groundwater flow direction (corresponding sampling
holes were B, 2, E, 5, H, 8). The groundwater media were
taken from the six points for DNA extraction at the end of
the experiment. At the same time, a control experiment
was carried out with only air sparging to remediate the
experimental water, and the aquifer medium was taken for
DNA extraction and served as control. The experimental
process was carried out in an enclosed laboratory with
room temperature of 17 °C.
14 Mar 2010

14 Apr 2010

Debugging without
air sparging and
bioaugmentation

18 May 2010
Air sparging

18 Jul 2010

2.7. PCR amplification of 16S rDNA gene

PCRs were performed in a Stratagene Mx 3000 Thermal Cycler (Stratagene Laboratories, USA) with 50 µl reaction mixtures containing 3 mM MgCl2, 200 µM of each
nucleotide, 1×PCR buffer without MgCl2, 15 pmol of each
primer, 1 U of Taq DNA polymerase, and 1 µl of DNA
template (50 ng). The nucleotide sequences of the primers
were as follows: primer BSF338 (5’-CCT ACG GGA GGC
AGC AG-3’) together with a GC clamp (5’- CGC CCG
CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG
GGG G-3’), and primer BSR518 (5’-ATT ACC GCG
GCT GCT GG-3’). The PCR program had an initial denaturation step at 95 °C for 5 min, followed by 35 cycles of
1 min at 94 °C, 1 min at 55 °C, and 1.5 min at 72 °C, and
a final extension step at 72 °C for 10 min. Negative control
reactions without template DNA were performed simultaneously. The quality of the resulting PCR amplification was
confirmed by electrophoresis in 1.0% agarose gels using a
molecular weight marker (GeneRuler™ 1 kb DNA ladder)
after staining with ethidium bromide, and visualized on a
UV transilluminator (Mini BIS Pro, DNR).
2.8. Analysis of PCR products by DGGE

Air sparging and
bioaugmentation

FIGURE 2 - Timeline of system operation.
2.6. Extraction of DNA from aquifer media

Total DNA was extracted from the aquifer media and
the microbial community structure was analyzed by denaturing gradient gel electrophoresis (DGGE). Cells were extracted from 50 g aquifer media by shaking them at 150 rpm
for 10 min in 20 ml extraction buffer (Tris 100 mM/L,
EDTA 100 mM/L, NaCl 1.5 M/L, pH 8.0), and then allowing the solids to settle for 5 min. The supernatant was transferred to another tube and the aquifer medium was extracted
again. Cell pellet was obtained by centrifuging the total
supernatants for 20 min at 5000g at 4 °C, and then suspended in 900 µl of extraction buffer. Lysozyme (final
concentration is 5 mg/ml) was added and incubated for
30 min on a rotary shaker at 225 rpm and 37 °C to break
the cells. Sodium dodecyl sulfate (2%) was added and incubated at 65 °C for 30 min. Supernatant was mixed with
potassium acetate (1.3 M/L) after centrifuging the mixture
for 20 min at 8000g at 20 °C. The mixture was incubated
for 10 min at 0 °C, and then centrifuged for 10 min at
14000g under 4 °C, the supernatant was extracted with
same volume mixtures of phenol, chloroform and isoamylol (volume ratio was 25:24:1). After centrifugation, the
aqueous phase was extracted with same volume mixture
of chloroform and isoamylol (volume ratio was 24:1). After
centrifuging, 0.1 volume of sodium acetate (3 M/L) and
0.6 volume of isopropanol were added to the aqueous
phase and maintained at 4 °C for 4 h. Total DNA was
precipitated from the extracted aqueous phase with isopropanol. After centrifugation, the DNA pellet was rinsed with
75% (v/v) ethanol, dried, re-suspended in TE buffer (Tris
10 mM/L, EDTA 1 mM/L), and finally stored at -20 °C.

The PCR-amplified DNA products were separated by
DGGE on 8% polyacrylamide gels with a linear gradient
of 40-70% denaturant (100% denaturant = 40% v/v
formamide plus 42% wt/v urea) using the DCodeTM
Universal Mutation Detection System (Bio-Rad, Hercules,
CA, USA). Gels were run for 11 h at 120 V in 1×TAE
buffer maintained at 60 °C. Gels were then stained with
ethidium bromide (0.5 mg/L) for 20 min and visualized on
a UV illuminator at 254 nm. The DGGE image was acquired using the Tannon gel documentation system.
2.9. DNA sequence

Bands chosen for sequence analysis were carefully
recovered from the DGGE gel with the EZ Spin Column
PAGE Gel DNA Extraction kit (Sangon, Shanghai). The
sequencing works were finished by Shanghai Sangon and
sequencing reactions were run on an ABI 3730 apparatus.
Partial bacterial 16S rDNA gene sequences were compared
with the 16S rDNA gene sequences of NB-degrading
bacterium A1 and AN-degrading bacterium A2 by MEGA
4.0.2 program.
2.10. NB and AN analysis

NB and AN were HPLC-measured (Agilent 1100,
USA), as introduced by Liu et al. [26]. The column was
Eclipse XDB2-C8 (150 mm × 4.6 mm, 5 µm particle sizes).
The mobile phase was V (acetonitrile): V (3.85 g/L ammonium acetate and 3.0 g/L acetic acid) = 65:35. The sample
injection volume was 5 µl, and mobile phase flow-rate was
1 ml/min. NB was determined by ultraviolet absorption at
262 nm, and AN by fluorescence detector, λex / λem =
280/340 nm. Before the measurement, a mixture of 1 ml
water sample and 1 ml methanol was filtered through a
micro-filtration membrane. The detection limits of NB
and AN were 21 and 18 µg/L, respectively.
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3. RESULTS AND DISCUSSION

mode were processed by Surfer 8 software, and the concentration distribution figures of NB and AN in longitudinal profile of the center of simulated device along groundwater flow direction are shown in Figs. 5 and 6.

3.1. Removing efficiencies of NB and AN

At each mode of experiment, groundwater samples
were taken to analyze the concentrations of NB and AN
(Figs. 3 and 4). The data collected at the end of each

FIGURE 3 - NB concentration variation of sampling port 1 (◆),
5 (■) and 9 (▲) at different experimental mode.

FIGURE 4 - AN concentration variation of sampling port 1 (◆),
5 (■) and 9 (▲) at different experimental mode.
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FIGURE 5 - NB distribution in simulated groundwater at each mode.
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FIGURE 6 - AN distribution in simulated groundwater at each mode.

Under the debugging mode, NB and AN concentrations showed a decreasing trend along the groundwater
flow direction as shown in Figs. 3, 4, 5(a) and 6(a). The
maximum concentrations of NB and AN in the upstream
of groundwater were 24.62 mg/L and 7.44 mg/L, respectively, while the minimum concentrations of NB and AN
in downstream were 11.70 mg/L and 3.06 mg/L, respectively. The decrease of NB and AN concentrations may be
due to the adsorption of NB and AN by the aquifer media,
or the occurrence of other physical and chemical transformation. In addition, the concentrations of NB and AN
were relatively high at the bottom of aquifer because the
density of NB or AN is higher than that of water. Another
possible reason is that the upper aquifer is more likely to
interact with the surface environment, which is conducive
to natural attenuation of NB and AN.
Under Air sparging mode, as shown in Figs .3, 4, 5(b)
and 6(b), the concentrations of NB and AN have undergone
significant changes. The maximum concentrations of NB
and AN in the upstream of groundwater were 12.47 mg/L
and 2.40 mg/L, respectively, while the minimum concentrations of NB and AN were 0.31 mg/L and 0.18 mg/L,
respectively. The highest concentration of NB and AN appeared in the bottom area of the upstream groundwater,
showing that this is the most polluted one. In addition, the
influencing radius of air sparging was limited, and its efficiency was reduced with the increase of distance. In the

middle and downstream of groundwater, the concentrations
of NB and AN were all lower than 1.00 mg/L, and the
overall removal efficiency was more than 90.00%. The concentrations of AN were generally lower than those of NB,
which was mainly because the saturated vapor pressure of
AN was higher than NB, and AN was relatively easier to
evaporate than NB. This result demonstrated that air
sparging can remove NB and AN in the shallow groundwater efficiently; however, it cannot remove them completely (residual NB 0.31 mg/L, and AN 0.18 mg/L).
As shown in Figs. 3, 4, 5(c) and 6(c), the concentrations of NB and AN decreased significantly after the addition of mixed culture. NB and AN could not be detected in
most areas of the middle and downstream of groundwater.
But in the upstream, especially its bottom area, certain
amounts of NB and AN still existed, and their concentrations were lower than that of the air sparging treatment. The results indicated that the introduction of degrading bacteria can degrade the residual NB and AN
after air sparging.
3.2. Variation of dissolved oxygen concentration in groundwater

Under each mode of debugging, air sparging mode, bioaugmentation, groundwater samples were taken several
times, and DO concentrations were measured with a Dissolved Oxygen Meter (FG4-ELK, METTLER TOLEDO).
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The data collected at the end of each mode were processed by Surfer 8 software, and the concentration distribution figures of DO in longitudinal profile of the center
of simulated device along groundwater flow direction
were drawn as follows:
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3.3. PCR-DGGE analysis

-10

-10

The aquifer medium from control experiment was used
as control, and the microbial community structures of
aquifer media from six different locations of groundwater
(Fig. 1) were studied using the PCR-DGGE technique.
DGGE fingerprint profile was analyzed by BIORAD software Quantity One 4.6.2, as shown in Fig. 8. The similarity index (Cs) between each lane of the DGGE profile was
analyzed and composed similar matrixes, as shown in
Table 1.
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Under the mode of air sparging, as shown in Fig. 7 (b),
DO concentration in groundwater was significantly increased, especially in the area near air sparging wells, DO
level was relatively high (reaching 6.69 mg/L). With the increasing distance from the air sparging wells, the DO
concentration decreased, and the minimum DO in upstream
areas of groundwater was 3.09 mg/L. The groundwater system was under aerobic conditions, which would provide a
good living environment for the later added NB and AN
degrading aerobic bacterial consortia. Adequate DO could
act as electron acceptor for microorganisms to promote
their growth and the effective biodegradation of NB and
AN.
Under the mode of bioaugmentation, the DO concentrations were decreased significantly in the upstream and
midstream of groundwater (by 2~3 mg/L compared to that
of air sparging mode, Fig. 7) after the addition of NB and
AN-degrading bacterial consortia. However, DO concentrations in downstream of groundwater had no obvious
change compared with the mode of air sparging. The reason may be that nearby the injection well, microorganisms
were more active and consumed a certain amount of DO
during the degradation of NB and AN. In the downstream
area, NB and AN have already been removed and no oxygen was needed by the organisms. Alternatively, microorganisms may have not migrated to the downstream area
due to low NB and AN concentrations. Migration of microorganisms in groundwater is an important factor to affect its
bioremediation; therefore, the migration of the injected degrading bacteria (A1 and A2) was also investigated.

(mg/L)
FIGURE 7 - Dissolved oxygen distribution in simulated groundwater at each mode.

Electron acceptor is a critical factor affecting the bioremediation efficiency of groundwater, and oxygen was the
preferred electron acceptor for aerobic microorganisms [15].
Under the mode of debugging, as shown in Fig. 7 (a), the
concentrations of DO in groundwater were low, which
demonstrated that groundwater was under anaerobic conditions. In the zone near air sparging wells, the concentration of DO was relatively high, and the highest concentration reached 1.62 mg/L. The concentration of DO at the
bottom of aquifer was relatively lower than the upper aquifer, and concentrations were lower than 1.00 mg/L, which
is similar with the actual concentration of DO in groundwater of the Jilin explosion site.

FIGURE 8 - DGGE fingerprints of microorganisms in simulated
groundwater.
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As shown in Fig. 8, 10 bands were detected in control
while 13 bands were detected in sample B, 12 bands in
samples 2 and E, 9 bands in samples 5, H and 8. The
number of the bands had a decreasing trend along the
groundwater flow direction. It can be seen from Table 1
that the similarity indexes of all the samples were above
69.1%, which indicated that the samples had a good similarity. In addition, the brightness of bands labeled as band
1, 2, 3 and 4 had a decreasing trend along the groundwater flow direction, and band 4 was not detected in sample
8. By comparing the sequences of bands 1, 2, 3 and 4 with
the 16S rDNA sequences of strain A1 and A2, it was found
that band 1 was the strain A1 and band 4 was the strain A2.
These results demonstrated that in the lab-simulated
groundwater system, injected NB-degrading bacterium
A1 and AN-degrading bacterium A2 can migrate from the
injection well to the downstream of groundwater but in the
downstream of groundwater the intensities of strain A1 and
strain A2 were significantly weakened, which may be due
to the reason that contaminated groundwater has been effectively treated in the upstream and midstream, whereas
the downstream zone was in lack of carbon sources (NB
and AN) for strain A1 and A2 to grow, which caused the
injected functional bacteria hard to survive and breed
under the oligotrophic conditions.
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4. CONCLUSION
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ABSTRACT
Bentonite was found to have adsorption capacity for
Pb(II), Cr(III), Zn(II) and Co(II). Towards this aim, batch
adsorption experiments were carried out and the effects of
various parameters (solution pH, dose of bentonite loading, contact time, temperature, and initial metal concentration) on this removal process have been investigated.
Adsorption was decreased with increasing temperature for
all studied metals. The Langmuir and Freundlich adsorption models were used for mathematical description of the
adsorption equilibrium. Equilibrium data was fitted to the
Langmuir model in the concentrations of 10-100 mg L-1 at
293 and 313 K. Based on the Langmuir isotherm plots,
the maximum adsorption capacity value was calculated to
be 30.40 mg g-1 for Cr(III), 30.27 mg g-1 for Pb(II), 29.94
mg g-1 for Zn(II), and 29.85 mg g-1 for Co(II), at 293 K.
Various thermodynamic parameters, such as ∆Go, ∆Ho,
and ∆So, were evaluated with results indicating that this
system was an exothermic spontaneous reaction and kinetically suited to pseudo-second order model. Adsorption ability of bentonite decreased in the order of Cr(III) >
Pb(II) > Zn(II) > Co(II), and its adsorption capacity in the
order of ZnCl2 activation > NaOH activation > H2SO4
activation > native bentonite.
KEYWORDS:
Adsorption; bentonite; activation; heavy metal; isotherm.

1. INTRODUCTION
Contamination of water by toxic heavy metals through
wastewater discharge by industrial activity is one of the
major environmental issues. Rapid industrialization has
seriously contributed to the release of toxic heavy metals
in the water streams. Mining, electroplating, metal processing, textile and battery manufacturing industry are the
main sources of heavy metal contamination [1]. Those
activities polluted the water streams, especially rivers, and
made them lose their potential value and beneficial use [2].
* Corresponding author

Heavy metals cannot be metabolized and bioaccumulate
in organism body. These toxic metals can move through the
biological chain, thereby reaching human beings and leading to chronic and acute ailments. Heavy metal toxicity can
result in damage or reduced mental and central nervous
function, lower energy levels and damage to blood composition, lungs, kidneys, liver and other organs [3].
Numerous processes exist for removing dissolved
heavy metals, including ion exchange, precipitation, phytoextraction, ultrafiltration, reverse osmosis, and electro
dialysis [4]. Nevertheless, many of these approaches can be
marginally cost-effective. Chemical methods increase the
pollution load of the environment. Adsorption has advantages over the other methods because of simple design
with a sludge-free environment, and can involve low
investment. Several materials derived from natural resources, plant wastes or industrial by-products such as
peat, wood, barley, rice husk, plant straw, rice bran, algal
biomass, banana pith, soybean, cottonseed hulls, humic
acids, tree bark, sugar beet pulp, leaves, green algae,
activated carbon fibers, coconut waste, wood and straw
have all been investigated for their ability to sequester
trace metals from water. In recent years, numerous lowcost natural materials, such as fly larva shells [5], wood
sawdust [6], tea waste [7], potato peels [8], nettle ash [9],
red mud [10], leca [11], palm shell [12], wood ash [13],
hazelnut shell [14], activated carbon prepared from agricultural waste [15, 16], sewage sludge ash [17], rice hulls
[18, 19], tobacco dust [20], lichens [21], ion exchangers
[22], surfactant-modified montmorillonite [23], volcanic
ash [24] and other adsorbents [25-29], were used and investigated for removal of heavy metals from water and
wastewaters.
The use of clays as sorbents to remove contaminants
has been increasingly paid attention because they are
cheaper than other materials, such as activated carbon and
zeolites. They have high specific surface area, high chemical and mechanical stability, and a variety of surface and
structural properties. The chemical nature and pore structure generally determine the sorption ability of clay.
Clays, whose basic clay mineral is montmorillonite or
smectite, are generally called bentonites. Bentonites, which
are employed in more than 25 different areas, are among
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the most important industrial raw materials [30]. The chemical and mineralogical structures of the bentonites, which
are activated by heating in strong acids, undergo considerable transformations. Acid-activated bentonites are used
as adsorbents in the bleaching of edible oils, in the production of carbonless copy paper, and in the preparation
of pillared clays, organoclays and heterogeneous catalysts.
The surface acidity and the porous structure of bentonites
can be changed to the desired extent by acid activation.
These changes depend on the amount of smectite minerals,
other clay minerals and non-clay minerals in the bentonite, the chemical composition, the type of cations between
the layers, the type of the acid, the mass percents of the
acid in bentonite-acid mixture, process temperature, and
process period [30].
In this study, adsorption of Cr+3, Pb+2, Zn+2 and Co+2
onto natural and modified bentonite with variation in the
parameters of solution pH, initial metal concentration,
temperature and contact time, was investigated. The Langmuir and Freundlich equations which have been commonly
used to describe adsorption isotherms of water and
wastewater applications at constant temperature were also
used. Thermodynamic and kinetic analysis for adsorption
process has also been carried out. Some activation procedures were also investigated to increase adsorption capacity of bentonite.
2. MATERIALS AND METHODS
2.1. Materials

White natural calcium bentonite (CaB) from the beds
in the Kütahya region (Turkey), whose basic clay mineral
is calcium montmorillonite (CaM), was used in the experiments. It was ground and sieved for different mesh sizes
and the particle fraction <400 meshes was used in further
experiments. Chemical composition and physicochemical
properties of the bentonite are given in Table 1.
TABLE 1 - Physicochemical properties and chemical composition of
bentonite [30].
Physicochemical properties
Chemical composition
Parameters
Values Component
Values
Surface area (m2/g)
43
SiO2
72.08
Density (g/cm3)
2.6
Al2O3
14.40
pH of the solution
8-8.8 MgO
1.63
Cation exchange capacity
52
Fe2O3
0.78
(meg/100 g)
Specific pore volume (cm3/g) 0.107 CaO
2.15
TiO
0.08
Na2O
0.43
K2 O
1.05
Loss on ignition (%) 7.35

AG (Darmstadt, Germany) and suitably diluted to required
initial concentrations with distilled water.
2.3. Experimental procedure

Adsorption studies were carried out by the batch
technique to obtain equilibrium data. The initial pH values of the solutions were adjusted with 0.1 M HNO3 and
NaOH solutions before mixing the adsorbent suspension.
The adsorption capacity of bentonite was determined by
contacting 50 ml of metal solutions of varying concentrations (10–100 mg L-1) with 150 mg bentonite in 250-ml
flasks for 15 min. The suspension was shaken on a temperature-controlled shaker and adsorbent was removed from
metal solutions by centrifugation. The concentration of unadsorbed metal was determined by atomic absorption
spectrophotometry (Unicam 926) using an air acetylene
flame. Blanks containing no metals were used for each
series of experiments. The adsorption studies were also
carried out at 20 and 40 oC to determine the effect of temperature and to evaluate thermodynamic parameters. All
the experiments were carried out in triplicate and the data
shown are mean values from 3 separate measurements.
Statistical analyses of the 3 final metal concentration values
showed that the standard deviation was less than 1.5% of
the mean.
2.4. Activation of bentonite

Heat activation: Bentonite samples were activated in
a temperature controller oven at 110, 200 and 400 oC for 6 h
[31].
ZnCl2 activation: 1420 g ZnCl2 was dissolved in 1300
ml distilled water, and bentonite sample mixed with this
solution for 24 h. After filtration, ZnCl2 activated sample
was dried under nitrogen atmosphere at 750 oC for 3 h
and boiled in 25% HCl solution for 1 h. Bentonite sample
was filtrated once again, washed with distilled water, and
dried at 105 oC [32].
NaOH activation: Bentonite samples were exposed to
200 ml of 1 M NaOH for 1 h. Then, it was neutralized with
HNO3, washed using distilled water and dried at 60 oC for
48 h.
H2SO4 activation: Bentonite samples were exposed to
300 ml of 2M, 4M and 6M H2SO4 solutions, separately
for 1 h. After filtration, activated bentonite samples were
dried at 110, 200 and 400 oC [31].
Aliquots (100 mg) of heat-, NaOH-, ZnCl2- and H2SO4activated and raw bentonite samples were exposed to 50 ml
of 100 mg L-1 Cr(III), Pb(II), Zn(II) and Co(II) solutions
separately at initial pH 7 for 15 min.
2.5 Desorption and repeated reuse experiments

2.2. Adsorbate solution

All chemicals used in making adsorbate solutions
were of analytical grade. Stock Cr(III), Pb(II), Zn(II) and
Co(II) solution (1000 mg L-1) was purchased from Merck

Desorption studies were carried out by batch process.
An aliquot (50 ml) of the sample containing 50 mg L-1
Pb(II), Cr(III), Zn(II) and Co(II) solutions was treated
with 250 mg of bentonite for 20 min at pH 7. The solution
was then centrifuged and residual metal solutions were
analyzed. The adsorbent was then transferred to another
conical flask and treated with 50 ml of 0.05 M HCl solu-
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tion. It was then centrifuged after 20 min, and the concentration of desorbed metals was determined. To determine
the re-usability of bentonite sample, adsorption/desorption
cycles were repeated seven times using the same bentonite sample.
2.6. Adsorption model

The adsorption isotherm indicates how the adsorbate
ions distribute between the liquid and solid phase when
the adsorption process reaches an equilibrium state. The
Langmuir and Freundlich isotherm equations are usually
employed for the liquid-solid systems.
The Langmuir theory assumes that sorption takes
place at specific sites within the adsorbent. This means
that once a metal ion occupies a site, no further adsorption
can take place at that site. Therefore, at equilibrium, a
saturation point is reached beyond which no further adsorption can occur. The Freundlich model assumes that
the sorption takes place on heterogeneous surfaces, and
adsorption capacity depends on the concentration of metal
ions at equilibrium.
The equilibrium data obtained for adsorption of
Pb(II), Cr(III), Zn(II) and Co(II) onto bentonite were
analyzed using linearized Langmuir [33] and Freundlich
[34] isotherms (Eqs. (1) and (2), respectively):
Ce/qe = 1/Qmb + Ce/Qm

(1)

ln(qe) = ln kF + 1/n ln(Ce)

(2)

where, Ce (mg L-1) is the concentration of metal solution at equilibrium, qe (mg g-1) is the amount of metal
adsorbed at equilibrium, Qm (mg g-1) is the maximum
adsorption capacity. It represents a practical limiting
adsorption capacity when the sorbent surface is fully
covered with monolayer sorbate ions, and b (l mg-1) is the
adsorption constant related to the free energy of adsorption. The Qm and b values were calculated from the slopes
(1/Qm) and intercepts (1/bQm) of linear plots of Ce/qe
versus Ce. 1/n and kF (mg g-1) are empirical Freundlich
constants and indicate adsorption capacity and intensity,
respectively. Their values were obtained from the intercepts (lnkF) and slopes (1/n) of linear plots of lnqe versus
lnCe.
2.7. Kinetic modeling

In order to investigate the controlling mechanisms of
adsorption process, such as mass transport and chemical
reaction processes, the pseudo-first-order and pseudosecond-order kinetic model is expressed as follows[35]:
ln(qe – qt) = lnqe – k1 t

(3)

where, k1 is the pseudo-first-order rate constant (min-1)
of adsorption and qe and qt (mg g-1) are the amounts of
metal ions adsorbed at equilibrium and time t (min), respectively. The pseudo-first-order considers the rate of
occupation of adsorption sites to be proportional to the
number of unoccupied sites. A straight line of ln (qe - qt)

versus t indicates the application of the first-order kinetics
model. In a true first-order process, ln qe should be equal
to the intercept of a plot of ln (qe - qt) against t.
In addition, a pseudo-second-order equation [36] based
on adsorption equilibrium capacity may be expressed in the
following form:
t/qt = 1/[k2(qe)2] + (1/qe) t

(4)

where, k2 (g mg-1 min-1) is the second-order reaction
rate equilibrium constant. A plot of t/qt against t should
give a linear relationship for the applicability of the second-order kinetic.
2.8. Thermodynamic parameters of adsorption

In environmental engineering practice, both energy and
entropy factors must be considered in order to determine
which process will occur spontaneously. The Gibbs free
energy change, ∆Go, is the fundamental criterion of spontaneity. Reactions occur spontaneously at a given temperature if ∆Go is a negative quantity. The Langmuir coefficient
b (l mg-1) was used to calculate the Standard Gibbs free
energy change (∆Go) according to the following equation:
∆Go = - RT lnb

(5)

where, R is the universal gas constant (8.314 J mol-1
K ), b is the Langmuir constant, and T is the absolute
temperature (K). Changes in free energy (∆Go), enthalpy
(∆Ho) and entropy (∆So) for the adsorption process were
calculated using Eqs. (5) - (7) [37]:
-1

ln(b2/b1) = - ΔHo/R (1/T2 – 1/T1)

(6)

∆Go = ∆Ho - T∆So

(7)

where, b1 and b2 are Langmuir constants at temperatures T1 and T2, respectively.
3. RESULTS AND DISCUSSION
3.1. Effect of contact time on metal uptake

Contact time is one of the important parameters for
successful deployment of the adsorbents for practical application, and rapid sorption is among desirable parameters
[38]. Figure 1 indicates the Pb(II), Cr(III), Zn(II) and Co(II)
uptake by the bentonite as a function of contact time at a
temperature of 293K.
The maximum adsorption capacities were determined
to be 22.92 mg g-1 for Cr(III), 22.79 mg g-1 for Pb(II) in
20 min, 22.44 mg g-1 for Zn(II) and 21.99 mg g-1 for
Co(II) in 30 min.
As seen in Fig. 1, the adsorption of lead, chromium,
zinc and cobalt on bentonite occurs quickly and is not a
very time-dependent process. Equilibrium is attained in
20-30 min, and there is not much difference between 1
and 30 min. This rapid rate of metal uptake by bentonite

1816

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

has a significant importance for applications in small reactor volumes. Thus, it gives economical and effectiveness ad-

vantages.
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FIGURE 1 - Effect of contact time on metal uptake (adsorbent weight: 150 mg per 50 ml, initial pH 7, initial metal concentration: 80 mg L-1,
temperature: 293K).
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FIGURE 2 - Effect of pH on metal adsorption uptake (adsorbent weight: 150 mg per 50 ml, initial pH: 7, contact time: 15 min for Pb(II) and
Cr(III), 20 min for Zn(II) and Co(II), temperature: 293K, initial Pb(II) and Cr(III): 30 mg L-1, initial Zn(II): 20 mg L-1, initial Co(II): 10 mg L-1).

3.2 Effect of pH on metal uptake

The pH of the aqueous solution is one of the important controlling parameter in adsorption process. Variations in adsorption of lead, chromium, zinc and cobalt
were studied within the pH range of 1-8. The results for
this range are given in Fig. 2.
At lower pH values, the H+ ions compete with metal
cations for the exchange site of the system. The amount
adsorption increases from 0 to 100% as the pH is increased from 1 to 7. For this reason, pH 7 was selected for
future experiments. After adsorption experiments, it was
found that the differences between initial and final pH
values of metal solutions were generally less than 0.8 pH

units. Therefore, initial and equilibrium pH of the solution
was accepted to be approximately the same. The decrease
in adsorption with the increase in H+ ion concentration
indicates that the adsorption process is via ion exchange.
3.3 Adsorption kinetics modeling

In order to analyze the adsorption kinetics of metals,
the pseudo-first-order and pseudo-second-order kinetic
models were applied to data. The pseudo-second-order
model was perfectly fitted to the experimental data. The
comparison of experimental adsorption capacities and the
theoretical values estimated from the above two models
are presented in Table 2. The theoretical qe values esti-
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mated from the first-order kinetic model gave significantly different values with regard to experimental values, and
the correlation coefficients were also found to be lower.
These results indicate that the first-order kinetic model
does not describe adsorption of Pb(II), Cr(III), Zn(II) and
Co(II) by bentonite. The correlation coefficients for the
linear plots of t/qt against t for the second-order equation
are 1 for all the studied metals (contact time 60 min).
The theoretical qe values for lead, chromium, zinc and cobalt
were very close to the experimental qe values in the case
of second-order kinetics (Table 2).
3.4 Effect of initial metal concentration on metal uptake

The initial concentration provides an important driving force to overcome all mass transfer resistances of the
metal ions between the aqueous and solid phases. The
influence of initial metal concentration on adsorption is
shown in Fig. 3. When the initial metal concentration was
increased from 2 to 100 mg L-1, the percentage of metal
adsorbed decreased from 100 to 85.47% in Pb(II), from
100 to 85.95% in Cr(III), from 100 to 84.15% in Zn(II),
and from 100 to 82.46% in Co(II) while equilibrium adsorption capacity of the bentonite showed the opposite
trend. When the initial metal concentration increased from
2 to 100 mg L-1, the loading capacity of bentonite increased
from 0.67 to 28.49 mg g-1 for Pb(II), from 0.67 to 28.65 mg
g-1 for Cr(III), from 0.67 to 28.05 mg g-1 for Zn(II), and from
0.67 to 27.49 mg g-1 for Co(II).

3.5 Adsorption isotherms

The adsorption isotherm indicates how the adsorbate
ions distribute between the liquid and the solid phase when
the adsorption process reaches an equilibrium state. The
analysis and design of adsorption process requires equilibrium data. Figure 4 shows the experimental isotherms for
the adsorption of Pb(II), Cr(III), Zn(II) and Co(II) onto
bentonite at two different temperatures. With the data in
Fig. 4, the Langmuir and Freundlich equations were employed to study the adsorption isotherm of these metals.
The Langmuir model could reasonably fit the data
well with a correlation coefficient in the range 0.99270.9992 suggesting a monolayer adsorption process. In
view of the values of linear regression coefficients in
Table 3, the Freundlich model exhibited a slightly worse
fit to the adsorption data of metals compared to the
Langmuir model in the studied concentration and temperature ranges.
The isotherm constants Qm and b of Pb(II), Cr(III),
Zn(II) and Co(II), listed in Table 3, decreased with increasing temperature. The results revealed that the adsorption capacity decreased from 30.40 to 29.50 mg g-1 for
Cr(III), from 30.27 to 29.24 mg g-1 for Pb(II), from 29.94

TABLE 2 - Theoretically determined constants of pseudo-first and second order reaction kinetics based on adsorption of metals from 80 mg
L-1 metal solutions, pH 7, by 150 mg bentonite per 50 ml for 60 min.

Metal
Cr(III)
Pb(II)
Zn(II)
Co(II)

Experimental
qe
(mg g-1)
22.920
22.787
22.339
21.800

k1
(min-1)
0.1259
0.1251
0.1383
0.1482

Pseudo-first-order
qe
(mg g-1)
0.202
0.195
0.482
0.548

R

2

0.5344
0.5340
0.6785
0.6748
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Pseudo-second-order
k2
qe
(g mg-1 min-1)
(mg g-1)
0.440
22.990
0.468
22.830
0.365
22.520
0.320
21.830

R2
1
1
1
1
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FIGURE 3 - Effect of initial metal concentration on metal uptake (weight of adsorbent: 150 mg per 50 ml, initial pH: 7, contact time: 15 min
for Pb(II) and Cr(III), 30 min for Zn(II) and Co(II), temperature: 293K).
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TABLE 3 - Langmuir and Freundlich model parameters under different temperature conditions.
Metal
Cr(III)
Pb(II)
Zn(II)
Co(II)

Adsorption temperature (K)
293
313
293
313
293
313
293
313

Qm
(mg g-1)
30.40
29.50
30.27
29.24
29.94
28.82
29.85
28.49

Langmuir constants
b x 10-3
(l mg-1)
126.72
109.48
296.78
275.73
113.75
107.54
63.27
62.30

to 28.82 mg g-1 for Zn(II), and from 29.85 to 28.49 mg g-1
for Co(II) as the temperature increased from 293 to 313K.
Langmuir constant b also decreased with increasing temperature, thereby suggesting that the studied metals exhib-

Freundlich constants
R2
0.9949
0.9958
0.9945
0.9961
0.9927
0.9950
0.9970
0.9992

kF

(mg g-1)
17.60
16.56
15.95
15.08
16.17
15.45
12.83
12.09

1/n

R2

0.2313
0.2251
0.2427
0.2349
0.1943
0.1902
0.3224
0.3172

0.9957
0.9942
0.9794
0.9870
0.9323
0.9416
0.9805
0.9657

ited higher affinity for bentonite at lower than at higher
temperature. Since the adsorption decreased when temperature rose, this system was exothermic.
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3.6 Thermodynamic analyses of adsorption isotherm data
o

As shown in Table 4, the negative values of ∆G confirmed the feasibility of the adsorption process at each
temperature, and the spontaneous nature of adsorption
with a high preference of Pb(II), Cr(III), Zn(II) and Co(II)
onto bentonite. The negative values of enthalpy change
confirmed the exothermic nature of the adsorption process.

Positive values of ∆So suggested good affinity of Pb(II),
Cr(III), Zn(II) and Co(II) towards the adsorbent.
3.7 Effect of activation (heat, NaOH, ZnCl2, and H2SO4) of
bentonite on metal uptake

To increase metal uptake capacity of bentonite, different activation procedures were carried out. The results
are presented in Table 5.

TABLE 4 - Thermodynamic parameters for the adsorption of metals onto bentonite as function of temperature.
Metal
Cr(III)
Pb(II)
Zn(II)
Co(II)

Adsorption Temperature (K)

∆Ho (kJ/mol)

∆Go (kJ/mol)

293
-28.62
-5.57
313
-30.20
293
-30.70
-2.80
313
-32.60
293
-28.36
-2.14
313
-30.15
293
-26.93
-0.59
313
-28.73
TABLE 5 - Effect of heat, NaOH, ZnCl2, and H2SO4 activation of bentonite on metal uptake.
Activation procedure

Raw bentonite
Heat activation at 110 oC
Heat activation at 200 oC
Heat activation at 400 oC
NaOH activation
ZnCl2 activation
2M H2SO4 activation, 110 oC
4M H2SO4 activation, 110 oC
6M H2SO4 activation, 110 oC
2M H2SO4 activation, 200 oC
4M H2SO4 activation, 200 oC
6M H2SO4 activation, 200 oC
2M H2SO4 activation, 400 oC
4M H2SO4 activation, 400 oC
6M H2SO4 activation, 400 oC

Adsorption capacity (mg g-1)
Pb(II)
Zn(II)
44.047
44.021
43.478
43.007
43.180
42.741
41.969
41.509
45.971
45.946
46.163
46.137
44.914
44.904
45.042
45.016
45.876
45.852
44.744
44.719
44.864
44.838
45.012
44.981
44.012
43.986
44.737
44.712
44.862
44.837

Cr(III)
44.086
43.392
43.679
42.472
46.000
46.190
44.944
45.072
45.877
44.762
44.893
45.037
44.038
44.762
44.893

As it can be seen in Table 5, metal uptake capacity
was decreased from 44.086 to 42.472 for Cr(III), from
44.047 to 41.969 for Pb(II), from 44.021 to 41.509 for
Zn(II), and from 43.991 to 41.399 for Co(II) with increasing bentonite activation temperature from 0 to 400 oC. A
similar observation has been reported, where adsorption
was decreased due to heat activation of clay reducing micropore volume [31]. Micropore volume of clay is directly
related to adsorption capacity.
Metal uptake capacity of raw bentonite was increased
by both NaOH and ZnCl2 activation. ZnCl2 activation of
bentonite was more effective than NaOH activation for all
studied metals. Cr(III) uptake capacity was increased by
4.34 and 4.77% with NaOH and ZnCl2 activation, respectively, similarly 4.37 and 4.80% for Pb(II), 4.37 and 4.81%
for Zn(II), 4.39 and 4.84% for Co(II). A similar observation
has been reported, where adsorption capacity increased by
ZnCl2 activation due to increasing micropore volume of
clay [32].

∆So (J/mol K)
78.67
78.67
95.20
95.20
89.49
89.49
89.91
89.91

Co(II)
43.991
42.147
42.016
41.399
45.921
46.122
44.878
44.986
45.846
44.693
44.811
44.954
43.960
44.686
44.810

Metal uptake capacity of bentonite was increased with
increasing concentration of H2SO4 from 2 to 6M for all
studied metals. However, with increasing drying temperature of H2SO4-activated bentonite from 110 to 400 oC,
Cr(III), Pb(II), Zn(II) and Co(II) uptake capacity was
decreased. The biggest uptake capacity was observed for
6M H2SO4 and 110 oC drying temperature for all studied
metals.
3.8 Desorption and reuse for experiment

To be a good sorbent for metal removal, a metalloaded sorbent should be able to be regenerated; otherwise,
disposal of the waste and fresh sorbents is required. In the
desorption studies, 0.05 M HCl was used as desorption
agent. Figure 5 shows the data of repeated adsorption/
desorption cycles for Cr(III), Pb(II), Zn(II) and Co(II) ions
after 7 cycles.
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FIGURE 5 - Adsorption capacity of the bentonite towards Cr(III), Pb(II), Zn(II) and Co(II) ions during repeated adsorption/desorption
cycles (weight of adsorbent: 250 mg per 50 ml, initial metal concentration: 50 mg L-1, pH: 7, contact time: 20 min).

The data in Fig. 5 show that there is a slight decrease
in adsorption capacity of bentonite with progressing cycles. At the end of the seven regeneration cycles, metal
uptake capacity of bentonite was only decreased by 2.29%
for Cr(III), 2.57% for Pb(II), 4.44% for Zn(II) and 3.94%
for Co(II). Hence, we can infer that bentonite can be used
repeatedly without sacrificing its adsorption capacity
towards Cr(III), Pb(II), Zn(II) and Co(II) ions.
4. CONCLUSIONS

towards the adsorbent. Desorption efficiency was found to
be almost 96-98%, and adsorption/desorption cycle was
able to be maintained up to seven cycles with almost constant adsorption/desorption efficiencies. The adsorption
capacities of bentonite decreased in the order ZnCl2 activation > NaOH activation > H2SO4 activation > raw bentonite.
This study confirmed that bentonite, a low-cost and
easily available material, could remove Cr(III), Pb(II),
Zn(II) and Co(II) ions from aqueous solution. The results
would be useful to design recovery plants for heavy metal-containing wastes.

In this study, the adsorption behavior of Cr(III), Pb(II),
Zn(II) and Co(II) ions onto bentonite has been investigated
with variations in parameters of pH, contact time, initial
metal concentrations and temperatures. According to Langmuir model, the maximum adsorption capacity of bentonite
was found to be 30.40 mg g-1 for Cr(III), 30.27 mg g-1 for
Pb(II), 29.94 mg g-1 for Zn(II) and 29.85 mg g-1 for
Co(II), under optimum conditions of pH 7 and contact time
of 15 min at 293 K. The Langmuir and Freundlich adsorption models were used for the mathematical description of
the adsorption equilibrium of Cr(III), Pb(II), Zn(II) and
Co(II) ions to bentonite depending on temperature. The
adsorption ability of bentonite decreases in the order Cr(III)
> Pb(II) > Zn(II) > Co(II). The equilibrium data fitted well
to the Langmuir model in the studied concentration range at
both temperatures studied. Kinetic studies indicated that
the adsorption reaction follows the pseudo-second-order
kinetics. Thermodynamically, parameters revealed that the
adsorption of Cr(III), Pb(II), Zn(II) and Co(II) was exothermic in nature. The negative values of ∆Ho showed that
adsorption was favorable at lower temperature, and the
presence of a possible physical phenomenon. Negative
values of ∆Go indicated that the adsorption process was
favorable and spontaneous in nature. Positive values of ∆So
suggested good affinity of Cr(III), Pb(II), Zn(II) and Co(II)
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PHYTOTOXIC AND GENOTOXIC EFFECTS OF WATER
SAMPLES TAKEN FROM THE EASTERN CHANNEL
OF KOCAELI ON VICIA FABA AND ZEA MAYS
Özlem Aksoy*, Tuba Erbulucu, Sena Öner and İdil Burcu Tekeli
Department of Biology, Faculty of Science and Literature, University of Kocaeli, 41380, Kocaeli, Turkey

ABSTRACT
In water ecosystems, many studies are being carried
out in order to identify the damage caused by polluting
parameters. Because of the insufficient wastewater treatment, İzmit Bay is getting polluted. Thus, it is aimed to
investigate the phytotoxic and genotoxic effects of water
samples taken from Eastern Channel of Kocaeli on some
plants with economic value. The seeds of Vicia faba and
Zea mays were treated with 3 different concentrations of
water samples (40, 80, 100%), and control groups were
germinated in distilled water. The phytotoxic effects were
determined by morphological and anatomical experiments,
whereas genotoxic effects were determined by cytological
experiments. Leaf anatomy, seed germination percentages,
mitotic index, mitotic abnormalities, chlorophyll and carotenoid contents were determined. Several deformations
were observed in leaves of treated plants. Root lengths
were increased in treated groups of V. faba, and decreased

in treated groups of Z. mays. All the concentrations used
caused several abnormalities in mitotic cell divisions and
decreased the mitotic frequency in the root tip cells. Micronucleus, chromosomal bridges, laggard chromosome,
polar slip and lack of cytokinesis, and some other abnormalities were observed in different phases of mitosis.

KEYWORDS: Vicia faba, Zea mays, phytotoxicity, genotoxicity,
Eastern Channel (Kocaeli).

1. INTRODUCTION
Izmit Bay is a small east-west trending embayment
situated along the northeastern Marmara Sea. One of the
most important sources of pollution in Izmit Bay is Eastern Channel stream, which flows into the eastern part of
the bay. It is estimated that about 5-10% of the total flow
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directly enters the Izmit Bay. Large industrial plants around
the Eastern Channel stream have been discharging their
* Corresponding author

solid and liquid wastes after limited treatment into the
channel water which is also polluted by the Kocaeli city
municipal sewage from inhabitants and farm runoffs [1].
Industrial, agricultural and domestic wastes are continuously discharged into the water systems, and these
waste materials also contain heavy metal compounds [2-4].
Heavy metals may affect organisms directly by accumulating in their body, or indirectly by being transferred to
the food chain. They can cause inhibition of photosynthesis in water plants, affect phytoplankton growth in water,
cause chromosomal aberrations in terrestrial plants, and induce carcinogenesis in humans [5]. Besides the direct health
effects, the subtle danger of pollutants lies in the fact that
they may be mutagenic or toxic, and lead to several human
afflictions like cancer, atherosclerosis, cardiovascular diseases and premature ageing. From time to time, enforcement agencies check the pollution status of air, water and
soils in the cities and industrial units, but routine checking
of the mutagenicity and carcinogenicity of the pollutants is
not being done. Despite regulatory measures carried out
in many countries, heavy metals continue to increase in
the environment [6].
However, most animal assays are costly, and thus the
enforcement agencies are not using them for their routine
monitoring. Plant bioassays, which are considerably less
expensive, have been proposed from time to time for pollution monitoring. Some of the plant bioassays, i.e., Allium
cepa, Vicia faba and Tradescantia paludosa, have been in
use for over 60 years, initially for studying the mutagenic
effects of ionizing radiation and chemical mutagens but
recently also to evaluate the mutagenicity or clastogenicity
of environmental pollutants. Seed germination represents
an important stage of vegetable development cycle. It is the
first exchange interface with the surrounding medium and
can be considered as highly sensitive to environmental
changes [7].
Physiological responses of plants to a toxic metal treatment are not only growth inhibition, but also changes in
various biochemical and physiological characteristics [8].
Long-term exposure of the whole plant to enhanced metal
concentrations may affect chlorophyll synthesis and, thus,
have an important role in both the chloroplast development in young leaves and the inhibition of photosynthesis
[9]. Decrease in production of photosynthetic pigments is
an early symptom of metal toxicity [10]. The chlorophyll
content is one of the most-investigated physiological (but
not specific) characteristics used for identification of physiological disturbation owing to the consequence of emission
impact. It was established that some metals decrease chlorophyll content in many plant species [8-10]. Szárazová et
al. [11] reported that washing wastewaters from cutlery production lines are quite toxic to plants, thus reducing bio-

mass and photosynthetic pigment production, and influencing water and metal translocation through the plant.
Although there have been many studies of individual
and complex wastewaters entering the İzmit bay, no previous work on the environmental impact of these wastes
has been published. The effects of each discharge and complex waste mixtures must be studied in order to determine
whether there exists a need to design specific treatment
plants. Chemical composition of wastes may be analyzed
with instruments but only living organisms give a measure of toxicity. This article describes the phytotoxic and
genotoxic effects of Eastern Channel water samples on V.
faba and Z. mays. The adverse effects of water samples to
leaf anatomy, seed germination percentages, mitotic index, mitotic phases, chlorophyll and carotenoid contents
were determined.
2. MATERIALS AND METHODS
2.1. Water sampling and analysis

Water samples were obtained from the middle part of
Eastern Channel (Fig. 1.). Water sample collections were
conducted with a specially designed vessel, on June,
2009-2010. One liter of the water sample was kept in the
dark at 4 °C in a refrigerator. Prior to analysis, the Eastern
Channel water samples (ECW) were filtered using a Whatman glass microfibre filter (GF/C). Three replicate samples
were analyzed separately. The following elements were
measured in the water samples: Cd, Cr, Cu, Fe, Pb, Mn, Ni,
Zn, and Al, with atomic absorption/flame emission spectrometry (Shimadzu AA-680). All analyses were done in
duplicate.
2.2. Procedure for treatment

Healthy and proximate equal-sized Vicia faba L. cv.
Lara (faba bean) and Zea mays L. var. saccharata Sturt
cv. Merit (sweet corn) seeds were selected. The seeds
were sterilized with 2.5% sodium hypochlorite solution
for 10 min and washed in distilled water. 50 seeds of V.
faba (2n = 12) and Z. mays (2n = 20) were planted in each
Petri dish. The seeds in each treatment group were placed
on filter paper in Petri dishes at 25 °C under fluorescent
light in a 16-h light/8-h dark cycle. The seeds were treated
with 3 different concentrations of water samples (40, 80,
100%), and control groups were germinated in distilled
water.
At the end of 7th day, the root and shoot lengths of the
germinated seeds were measured with a millimeter ruler
and germination percentages were determined. The root
length was determined by radicula formation bases of V.
faba and Z. mays seeds, non-exposed and exposed to
wastewater. After seedling formation, for the phytotoxicity analysis, the seedlings were grown in soil media: 95%
peat and 5% humus (pH 6-7) in pots placed at 25 °C under fluorescent light in a 16-h light/8-h dark cycle.
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Chlorophyll b (µg ml-1) = 20.13 (A646) - 5.03 (A663)
Chlorophyll a+b (µg ml-1) = total chlorophyll (µg ml-1)

2.3. Cytological experiments

Cytological responses were determined in root apical
meristem of V. faba and Z. mays. The root tips were fixed
in Carnoy solution (3:1, 99% ethanol:glacial acetic acid)
for 24 h. The roots were transferred to 70% alcohol and
stored in refrigerator until use. The root tips were hydrolized in 1N HCl at 60 °C for 5–10 min, followed by
squash technique in a 2% orcein stain in 45% acetic acid.
Slides were kept in a freezer and examined in a month
[12]. The mitotic index was determined by examination of
500 cells per slide and calculated as mitotic cells per
approximately 2.000 cells after 5-days treatment. Micronucleus (MN) formation and the other chromosomal aberrations were examined in 500 mitotic cells. Three replicates were made for each concentration.

FIGURE 1 - Geographic location of Eastern Channel.
2.4. Anatomical experiments

The materials for the anatomical studies were fixed
and preserved in 70% alcohol. All the sections were taken
by hand, and the observations were performed on the
superficial sections of leaves. Superficial sections were
stained with aniline blue, and then well-stained sections
were mounted with glycerine-gelatine in order to obtain
permanent slides [13], and photographed with an Olympus BX51 microscope and DP71 camera. All of the measurements and observations were performed 10 times on
different slides.
2.5. Chlorophyll and carotenoid contents

The contents of Chl a, Chl b, total Chl a+b, and total
carotenoids (xanthophylls and carotenes) in the leaves of
the plants were determined by a UV-mini 1240 Shimadzu
scanning and recording spectrophotometer. Chlorophyll
was extracted from leaf tissue samples at 6-8 leaf stage
(approximately 10 mg each) with 80% acetone, and the
absorbance of the extracts was measured at 470, 646 and
663 nm. Chlorophyll and carotenoid concentrations were
calculated from the spectrophotometric data using the
equations of Lichtenthaler and Wellburn [14]:
Chlorophyll a (µg ml-1) = 12.21 (A663) - 2.81 (A646)

Carotenoids (µg ml-1)=[1000A470-3.27(chl a)–104(chl b)]/227
2.6. Statistical analysis

The data were processed by statistical tests using the
SPSS 17.0 software package. Analysis of variance of
anatomical and morphological parameters was evaluated
by ANOVA [15]. Duncan’s multiple range test was used
for the evaluation of concentrations of chlorophylls, total
carotenoids, and stomata width and length in V. faba and
Z .mays grown at different concentrations of ECW.
3. RESULTS AND DISCUSSION
Industrial wastewater effluents are potential sources
of hazardous pollutants that are discarded into the watercourses, hence they pose a serious threat to aquatic organisms as well as human health. Domestic effluents may
consist of untreated or solely mechanically treated
wastewaters, substances which have passed through the
filters of biological treatment plants, and waste substances passed over sewage outfalls and discharged to receiving water-bodies often end up into the sea from coastal
residential areas [16]. The use of detergents creates a
possible pollution hazard, since common household detergent products can affect the water quality. Industrialization and urbanization have increased the anthropogenic
contribution of heavy metals in biosphere. Heavy metals
have the largest availability in soil and aquatic ecosystems
and, to a relatively smaller proportion, in atmosphere as
particulates or vapors. Heavy metal toxicity in plants
varies with plant species, specific metal, concentration,
chemical form, soil composition and pH, as many heavy
metals are considered to be essential for plant growth.
Table 1 shows the metal concentrations in ECW in the
order Fe>Al>Zn>Mn>Cu>Cr >Pb>Ni>Cd. The values of
Fe, Al and Zn were higher than those of the other heavy
metals. Some heavy metals, such as Cu, Zn, Fe, Mn, Mo,
Ni and Co, are essential for plants [17], whose uptake in
excess to the plant requirements results in toxic effects
[18, 19].
The visual non-specific symptoms of heavy metal
toxicity on plants are inhibition of root and shoot growth.
In the present study, we observed changes in root and shoot
growth in the seeds exposed to ECW (Figs. 2 and 3). The
data showed that wastewater treatment significantly reduced root and shoot length, and differences were statistically significant (p<0.05). The inhibitory effect of heavy
metals on root growth was widely reported by biomonitoring studies. Shafiq and Igbal [20] determined decrease of the root length at all concentrations (25-100 ppm)
of Pb and Cd in Cassia siamea. Malekzadeh et al. [21]
indicated inhibition of the root growth in maize seedlings
treated with Cd. Besides, Godbold and Kettner [22] observed a significant decrease in primary, secondary and
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tertiary root growth of Picea abies seedlings treated with
different Pb solutions.

FIGURE 2 - V. faba shoot and root growth after 1-week exposure: a.
control, b. 40%, c. 80%, and d. 100% ECW.

FIGURE 3 - Z. mays shoot and root growth after 1-week exposure:
a. control, b. 40%, c. 80%, and d. 100% ECW.

The phytotoxicity of Zn and Cd is indicated by decrease in growth and development, metabolism and an
induction of oxidative damage in various plant species,
such as Phaseolus vulgaris [23] and Brassica juncea [24].
We observed chlorosis and necrosis in the tips of the leaves,
especially in Z. mays after 10-days treatment. Zinc toxicity also causes chlorosis in the younger leaves, which can
extend to older leaves after prolonged exposure to high soil
TABLE 1 - Heavy metal concentrations in ECW (mg L-1).
Element

Cd

Cr

Cu

Fe

Pb

Mn

Ni

Zn

Al

Concentration

0.003

0.155

0.334

46.500

0.076

1.037

0.052

14.100

35.310

Zn levels [25]. Plants grown in soil containing high levels
of Cd show visible symptoms of injury reflected in terms
of chlorosis, growth inhibition, browning of root tips and,
finally, death [26, 27]. Copper toxicity affected the growth
of Alyssum montanum [28], Cd of cucumber [29] and
Brassica juncea [30]. Copper and Cd in combination have
affected adversely the germination, seedling length and
number of lateral roots in Solanum melongena [31].
We also observed that numbers of lateral roots in both
V. faba and Z. mays were decreased parallel to the increasing ECW concentrations.
Usually, experimental studies of the impact of heavy
metals on adult plants often applied low concentrations
[7, 32]. Nevertheless, high pollutant doses have been used
in seed germination assays [33-36], although germination
is considered to be a sensitive process as compared to other
stages of plant development [7]. This is explained, at least
in part, by the fact that seed coats are impermeable to
heavy metals in the first period of imbibition when water
uptake is intense [37].
Seed germination percentages were evaluated after 1week treatment. The treated V. faba seeds were germinated less than the control in the first 4 days but this rate
increased after the 4th day (Fig. 4 a). The percentage of
germination rates of treated seeds were decreased when
compared with the control in Z. mays and, especially, a sig-

nificant reduction was observed in 40% water sample concentration (Fig. 4 b).
Seed germination of the weed Echinochloa colona
was reduced to 25% with 200ml l M Cr [38]. High levels
(500 ppm) of hexavalent Cr in soil reduced germination
up to 48% in the bush bean Phaseolus vulgaris [39]. Lead
is known to inhibit seed germination of Spartiana alterniflora [40], and Pinus helipensis [41]. Inhibition of germination may result from the interference of lead with important enzymes. Early seedling growth was also inhibited
by lead in soya bean, rice, maize, barley, tomato, egg plant
and certain legumes [16]. Lead also inhibited root and stem
elongation and leaf expansion in Allium species [42], barley [43] and Raphanus sativus. Excess of Ni in soil causes
various physiological alterations and diverse toxicity symptoms, such as chlorosis and necrosis in different plant species [44]. Excess Mn is reported to inhibit synthesis of
chlorophyll by blocking a Fe-concerning process [45]. The
Fe excess causes free radical production that impairs cellular structure irreversibly and damages membranes, DNA
and proteins [46].
The effects of ECW on root and seedling growth of
V. faba and Z. mays were evaluated by taking into consideration a weekly average of the root and seedling length.
Both V. faba and Z. mays showed a significant decrease in
root length at a concentration of 80% (Figs. 2 and 3); how-
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ever, a regular increase in parallel with an increase in concentration was observed with both other concentrations.
Water samples caused a regular increase in the lengths of
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seedlings of V. faba, but it was observed that they caused
a reduction in seedlings of Z. mays.
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FIGURE 4 - Germination percentages of ECW treated (a) V. faba and (b) Z. mays seeds during one week.
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FIGURE 5 - The effect of different concentrations of ECW on mitotic index.

Mitotic index (MI) was evaluated after 5-days treatment. MI was increased at 80% concentration but there
was a significant decrease at 100% level in V. faba (Fig. 5).
However, it was significantly decreased after 40% concentration in Z. mays (Fig. 5). MI that reflects the frequency
of cell division is an acceptable measure of cytotoxicity
for all living organism. In this study, ECW decreased the
MI when compared with control. The decrease in MI indicates that ECW interfere in the normal sequences of
mitosis.
When the effects of different concentrations of water
samples on phases of mitosis were evaluated, the highest
percentage of abnormalities were observed at 80% concentration in V. faba and 40% concentration in Z. mays
(Tables 2 and 3). The abnormalities were laggard chromosome in metaphase, anaphase and telophase, micronucleus
formations in interphase, anaphase and telophase, polarity
in metaphase, chromosomal bridges in anaphase and telophase, polarity, stickiness and chromosome loop in metaphase, and chromatin granulation in telophase (Fig. 6).
In our study, the frequency of MN was also recorded.
Microscopic examination of squashes of V. faba and Z.

mays root tip meristem cells showed that there was only
several MN formation in the control group of V. faba but
there was an increase in all of the concentrations of water
samples (Fig. 6). MN frequency was also high in the control group of Z. mays but treatment with 80% caused 2-fold
higher MN frequency than in control.
While chlorophyll a, b and carotenoid contents of V.
faba leaves were decreased in treated plants, that in Z. mays
leaves were increased in treated plants (Table 4). We also
observed that the stomata index was decreased in V. faba
(Table 5) but increased in Z. mays (Table 6).
The V. faba MN test is a very sensitive and useful
method that allows detection of both clastogenic and
aneugenic effects [47]. Micronuclei are the results of
chromosome breaks (or mitotic anomalies) that require a
passage through mitosis to be recognizable. The molecular mechanism of DNA breakage is not yet clearly understood. Rahoui et al. [48] concluded that the germinating
V. faba seeds showed a differential behavior to Cd stress
with respect to cultivars. MN size can be an effective
parameter to assess the clastogenic and aneugenic effects of
chemicals. Namely, large MN would indicate an aneugenic

TABLE 2 - The effect of different concentrations of ECW on phases of mitosis in V. faba.
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Prophase
ECW
concentration
N
A
Control
149
68
40%
70
145
80%
24
128
100%
62
74
N: normal cells, A: abnormal cells
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%
1.35
2.94
4.04
1.16

N
12
10
11
5

Metaphase
A
13
20
34
35

%
0.25
0.40
1.07
0.55

Anaphase
A
30
30
20
28

N
29
23
29
44

%
0.59
0.60
0.63
0.44

Telophase
A
1
3
1

N
3
2
4
5

%
0.02
0.09
0.01

TABLE 3 - The effect of different concentrations of ECW on phases of mitosis in Z. mays.
Prophase
ECW
concentration
N
A
control
79
28
40%
100
215
80%
44
112
100%
60
76
N: normal cells, A: abnormal cells

%
0.77
2.44
1.22
0.79

N
7
23
19
10

Metaphase
A
15
80
21
30

%
0.41
0.91
0.22
0.31

N
26
90
26
25

Anaphase
A
23
43
39
40

%
0.63
0.48
0.42
0.41

Telophase
A
1
3
1
-

N
4
2
4
-

%
0.02
0.03
0.01
-

Micronucleus frequency
3
2,5
2
V ic ia	
  faba	
  

1,5

Zea	
  mays

1
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0
c ontrol
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1

FIGURE 6 - The effect of different concentrations of ECW on micronucleus frequency.
TABLE 4 - Chlorophyll (Chl.) mean concentrations and standard deviations in ECW treated V. faba and Z. mays.
Chl. conc. means±SD in V. faba
Chl. conc. means±SD in Z. mays
ECW concentration
Chl-a
Chl- b
Carotenoids
Chl-a
Chl-b
Carotenoids
control
8.16±0.65a
2.68±0.30a
1.69±0.33a
15.93±1.12a
4.31±0.20a
3.16±0.02ab
a
a
a
a
a
40%
8.56±1.62
2.98±0.55
1.58±0.22
16.55±0.32
4.28±0.00
3.56±0.94b
a
a
a
b
b
80%
9.30±0.40
2.87±0.22
1.95±0.17
10.57±2.64
2.74±0.69
2.35±0.29a
100%
8.99±0.88a
2.87±0.30a
1.93±0.01a
13.33±2.91ab
3.93±1.47ab
2.45±0.37a
Data are shown as means ±confidence interval of three replicates. Different letter superscripts in the same columns indicate significant differences
between treatments (P<0.05).

TABLE 5 - Stomata width and length means and standard deviations in ECW treated V. faba.
ECW concentration
control
40%
80%
100%
Data are shown as means ±confidence interval
between treatments (P<0.05).

Means±SD (µ)
Stomata index
width
length
31.50±2.85a
43.02±4.42a
0.27
32.18±3.77b
43.65±4.38a
0.22
32.7±6.01 ab
45.67±6.34b
0.25
33.76±3.29ab
48.41±4.27c
0.21
of three replicates. Different letter superscripts in the same columns indicate significant differences

TABLE 6 - Stomata width and length means and standart deviations in ECW treated Z.mays.
Means±SD (µ)
ECW concentration
control

width
28.27±3.20a

Stomata index
length
42.21±4.03a
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40%
80%
100%
Data are shown as means ±confidence interval of
between treatments (P<0.05).
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30.65±4.07b
45.54±4.03b
0.19
c
25.57±3.61
39.40±5.06c
0.22
24.90±3.22c
39.94±3.99c
0.25
three replicates. Different letter superscripts in the same columns indicate significant differences

FIGURE 7 - V. faba root tip cells treated with ECW (1000x); a. laggard chromosome in metaphase (arrow) and micronucleus formations
(double arrow) in interphase, b. laggard chromosome (arrow) in anaphase, c. and f. polarity in metaphase, d., e. and g. chromosomal bridges
in telophase (arrow), h. micronucleus formation in anaphase and telophase (arrows), i. micronucleus formations (arrows) in interphase, j.
polarity, chromosome loop and stickiness in metaphase (arrow), laggard chromosome (double arrow) in anaphase, k. chromosomal bridges
and loops in anaphase, l. laggard chromosome (arrow) in telophase, m. chromatin granulation in telophase (arrow) and micronucleus formation (double arrow).

effect resulting from a chromosome loss, whereas small
MN may indicate a clastogenic action resulting from chromosome break. The different sizes of MN in meristematic
cells of V. faba roots are given in Fig. 7. ECW-treated V.
faba and Z. mays cells carrying MN with a small and large
size together indicate that ECW have clastogenic and aneugenic effects. In this study, ECW significantly induced
mitotic abnormalities, such as bridges, stickiness, laggard,
break, and chromosome loop. The most common abnormality observed in this study was laggard chromosomes.
Laggard chromosomes may be due to disturbance of
spindle proteins. Occurrence of abnormalities related with
spindle clearly shows the accumulating effect of ECW on
the protein structures involved in mitosis. Previous studies reported that heavy metals could also modify a number of physiological processes and, particularly, chlorophyll degradation [49]. We observed that chlorophyll and
carotenoid contents of V. faba leaves were decreased but
that of Z. mays were increased when treated with ECW.
We also observed that the stomata index was decreased in
V. faba and increased in Z. mays. This could be due to the
different photosynthetic pathways of these plants, V. faba
has a C3 metabolic pathway and Z. mays has a C4 metabolic pathway; while photosynthesis takes place throughout the leaf in C3 plants, it takes place in inner cells (re-

quires special anatomy called Kranz Anatomy) in C4
plants. We thought that the anatomical differences between the leaves of V. faba and Z. mays could affect their
sensitivity to the water samples.
4. CONCLUSION
Large quantities of industrial wastewater and municipal sewage are drained into the Eastern Channel without
detoxification treatment. Our experiment has shown that
the ECW tested could be dangerous to the environment
without appropriate dilution, and also cause pronounced
adverse effects on living organisms. This could be due to
the large amount of industrial effluents that accumulated
at the end of the down stream of the channel. Izmit Bay, a
semi-enclosed body of water located in the most industrialized area of the Marmara region, has been subjected to
pollution by surrounding domestic and industrial discharges since the 1970s. The pollutant inflow entering the
bay is so excessive that its biological self-purification
capacity is insufficient to prevent damage to water resources and to the natural ecological properties of the bay.
The results show that although most of the factories con-
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tributing to the discharges have treatment plants, the
treatment is insufficient to eliminate toxicity.

[16] Nagajyoti, P.C., Lee, K.D. and Sreekanth, T.V.M. (2010) Heavy
metals, occurrence and toxicity for plants: a review. Environ.
Chem. Lett. 8,199-216.
[17] Reeves, R.D. and Baker, A.J.M. (2000) Metal-accumulating
plants. In: Raskin I, Ensley BD (eds) Phytoremediation of toxic
metals: using plants to clean up the environment. Wiley, New
York, pp 193–229.
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RELATIONSHIP BETWEEN ABOVEGROUND PRODUCTIVITY
AND NUTRIENT CYCLING IN THREE FRESHWATER WETLAND
TYPES ALONG A WATER LEVEL GRADIENT
Xuelian Guo1, Dacheng Sun1, Kun Zhang1, Kun Tian1 and Xianguo Lu2,*
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National Plateau Wetlands Research Center, Southwest Forestry University, Kunming 650224, P.R. China
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ABSTRACT
In this paper, we examined the aboveground net primary production (ANPP), nutrient return in litterfall,
nutrient resorption efficiency, nutrient resorption proficiency, and nutrient use efficiency (NUE) in three of these

wetland types: Carex lasiocarpa wetland (C.la wetland),
Carex meyeriana wetland (C.ma wetland), Calamagrostis
angustifolia wetland (C.aa wetland), which are typical
dishing wetlands in Sanjing Plain, Northeast China. The
objective was to provide insight into the mechanism of
nutrient cycling changes that constrain primary produc-
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tion. For the three wetland types, the litterfall nitrogen to
phosphorus (N/P) ratio suggested that N was the primary
limiting nutrient. While N cycling patterns were different
for the three wetland types, the relationship between litterfall mass and litterfall N content, N resorption efficiency, N resorption proficiency and N NUE suggested a
noteworthy decrease in N limitation: C.la wetland > C.aa
wetland > C.ma wetland. Furthermore, P cycling patterns
were different for the three wetland types, and the relationship between litterfall mass and litterfall P content, P
resorption efficiency, P resorption proficiency and P NUE
showed a significant decrease in P limitation among the
three wetland types with C.la wetland > C.aa wetland >
C.ma wetland.

KEYWORDS: ANPP; nutrient cycling; freshwater wetlands; water
level gradient; Sanjiang Plain

tivity [11]. In addition, some aspects of plant community
structures control nutrient cycling.
C.la, C.ma, and C.aa wetlands are three wetland types
along a water level gradient in Sanjiang Plain, Northeast
China. The three wetland types vary in rates of primary
production and nutrient cycling [12], as well as in the
relationships between ANPP and nutrient cycling. The main
objective of this investigation was to obtain a better understanding of how nutrient cycling changes affect ANPP
among different freshwater wetland types. We hypothesized that the relative important of nutrients as limiting
factors might vary in different freshwater wetland types.
To attain the objective, we examine these relationships by
measuring ANPP, nutrient return in litterfall, nutrient resorption efficiency, nutrient resorption proficiency, and
NUE in the three freshwater wetland types.
2. MATERIALS AND METHODS

1. INTRODUCTION

2.1. Research Site

Wetlands are ecotones between terrestrial and aquatic
systems and often possess characteristics of both systems.
Wetland ecosystems are highly valued for their high vegetation production, among many functions [1]. Primary
productivity in wetland ecosystem frequently exceeds that
* Corresponding author

in other ecosystem types [2]. Nutrient availability for plant
growth is an important factor influencing primary production [3, 4]. N and P are particularly important nutrients
that limit wetland productivity [5]. Aquatic-based studies
suggest that primary production in freshwater and marine
ecosystems may be limited by different nutrients, with
freshwater primary productivity limited by P and marine
system productivity limited by N [6].
The cycling of nutrients in wetland systems can be defined as either “efficient” or “inefficient”. Wetlands with
inefficient nutrient cycling patterns have relatively small
amounts of carbon fixed per unit of nutrient uptake. Thus,
efficient nutrient cycling pattern suggest greater nutrient
limitation than inefficient nutrient cycling pattern [7].
Resorption of nutrients from senescing foliage could
increase nutrient conservation in response to these limitations by reducing dependence on soil nutrient supplies [8].
Nutrition influences on ANPP may be found by examining
the balance of N and P within wetland vegetation since N/P
ratios may indicate the degree to which either nutrient
constrains ANPP [9]. In salt and freshwater marshes, the
N/P ratio is used to examine the nutrient limitation of
plant growth [9].
Hydrologic regimes affect the structure and function
of a given wetland [10]. For example, water level controls
species composition, community attributes, and produc-

The research was carried out at the Sanjiang Mire
Wetland Experimental Station, Chinese Academy of Sciences (47°35´N, 133°31´E; elevation 56 m above sea
level) in Tongjiang City, Heilongjiang Province, China.
This site is characterized by a typical continental monsoon
climate; summer is short, warm and rainy while winter is
long and cold. Both water and soil in the wetlands is typically completely frozen from October to April, and thaws
from late April to July. The annual average temperature is
1.9 °C and the valid cumulative temperature was about
2300 °C. Annual average precipitation is about 600 mm,
with approximately 60% falling between June and September. Dishing wetlands are the representative wetland
type in the Sanjiang Plain. These wetlands are dominated
consecutively, from the center to the edge, by Carex pseudocuraica, Carex lasiocarpa, Carex meyeriana, Calamagrostis angustifolia, and Calamagrostis angustifolia
shrubs. The progression of the vegetation is related to the
depth of standing water.
2.2. Methods

For our research, three wetland types were selected:
wetlands dominated by Calamagrostis angustifolia, which
is part of a meadow marsh wetland; wetlands dominated by
Carex lasiocarpa, which is a typical marsh wetland; and
wetlands dominated by Carex meyeriana, the ecotone between the meadow marsh and typical marsh. The three wetland types are located across a water level gradient, and are
consequently sensitive to the changes in the hydrological
regime [13]. The soils are predominantly mire soil, humus
soil, meadow soil and gley Albic soil [14].
The research was carried out along a 10-m wide belt,
from the edge of the wetland toward the center. As the
standing water level increased, the dominant species were
Calamagrostis angustifolia, Carex meyeriana and Carex
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lasiocarpa, respectively. Within each site, a 10 m × 15 m
plot was identified for biomass measurements.

used to test the differences in aboveground net primary
production, litterfall nutrients, nutrient use efficiency, nutrient resorption efficiency, and nutrient resorption proficiency among the wetland types. Relationships between the
litterfall mass and litterfall nutrient content were examined by correlation analyses.

Litter biomass and aboveground biomass were determined by a harvest method (50 cm × 50 cm, three replicates) at each plot every month from May to October
2007. The aboveground samples were divided into aboveground biomass and standing litter after they were transported to the laboratory. The litter on the floor was collected from each plot at the same time. Total ANPP was
calculated as the maximum standing crop, which included
litterfall production and aboveground biomass. The different biomass compartments for each sample were weighed
in the field, and then sub-sampled for determination of dry
mass, N and P concentration.
In July of 2007, we harvested fully expanded green
leaves and completely senesced leaves from all three
wetland types. Nutrient resorption was determined at the
community levels, and calculated as follows [8]:
Nutrient resorption efficiency (%) = ((Nutrientg - Nutrients)/Nutrientg)*100
where, Nutrientg was the concentration of N or P in green
leaves, and Nutrients was the concentration of N or P in
senesced leaves.

3. RESULTS
3.1. Aboveground net primary production (ANPP)

Stem, leaf and litterfall production were dramatically different within the three wetlands types (P＜0.001)
(Table 1). For the C.ma wetland, stem production was
significantly lower than that observed for the C.aa and
C.la wetlands. Leaf production was lowest in the C.la
wetland, and highest in the C.ma wetland. In contrast,
litterfall production was highest in the C.aa wetland, and
lowest in the C.ma wetland. Total ANPP was dramatically
different among the three wetland types (P＜0.001) (Table 1). Total ANPP for the C.aa wetland significantly
exceeded that of both the C.ma and C.la wetlands by
161.18 g/(m2•yr) and 203.52 g/(m2•yr), respectively. For
the C.aa wetland, litterfall, leaf and stem growth accounted for approximately 43, 13 and 44% of ANPP,
respectively, compared to 18, 46 and 36%, for the C.ma
wetland, and 35, 15 and 50%, for the C.la wetland.

Nutrient resorption proficiency was calculated as the
terminal nutrient concentration in senesced leaves, and
expressed as the concentration (%) of N or P [8].
N and P concentrations in plants were measured using
conventional methods [15]. All chemical analyses were
performed at the Key Laboratory of Wetland Ecology and
Environment, Northeast Institute of Geography and Agricultural Ecology, Chinese Academy of Sciences.

3.2. Litterfall nutrients and relationship with productivity

The amount of N return in litterfall in the C.ma wetland was slightly higher than that in the C.aa and C.la
wetlands, but the differences were not significant (Table 1).
Relationships between litterfall mass and litterfall N content for the three wetland types are shown in Fig. 1A. The
relationship between litterfall mass and litterfall N content

2.3. Statistical analyses

Statistical software (SPSS 13.0) was used for statistical analyses. One-way analysis of variance (ANOVA) was

TABLE 1 - Production, litterfall nutrients, nutrient resorption efficiency, and nutrient resorption proficiency for C.aa, C.ma, and C.la wetlands.
Item
Production
Stem (g/(m2·yr))
Leaf (g/(m2·yr))
Litterfall (g/(m2·yr))
Total ANPP (g/(m2·yr))
Litterfall Nutrients
N (mg/(m2·yr))
P (mg/(m2·yr))
C/N ratio
C/P ratio
N/P ratio
Nutrient resorption efficiency
N resorption efficiency (%)
P resorption efficiency (%)
Nutrient resorption proficiency
N resorption proficiency (%)
P resorption proficiency (%)
Values are means ± SD.

C.aa wetland

C.ma wetland

C.la wetland

P

386.62±11.92
112.41±10.39
371.78±30.67
870.81±43.93

252.72±13.05
328.75±18.39
128.16±39.49
709.63±18.37

334.78±18.93
99.70±5.64
232.82±13.17
667.29±37.74

＜0.0001
＜0.0001
＜0.0001
0.001

2520.97
307.29
87.99±15.84
656.54±135.08
7.49±1.11

3557.35
337.22
76.93±18.27
609.48±194.76
7.84±1.01

2469.05
338.55
104.46±10.72
865.03±99.21
8.31±0.98

0.70
0.97
0.044
0.041
0.473

54.01±1.2
52.18±2.1

40.86±1.1
34.70±3.1

56.04±2.2
57.66±1.2

＜0.0001
＜0.0001

0.499±0.07
0.067±0.004

0.643±0.07
0.081±0.003

0.449±0.01
0.052±0.005

0.014
＜0.0001

700

600

fall g/(m2•yr)

fall g/(m2•yr)

600

700
A

500
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FIGURE 1 - Litterfall mass (g/(m2·yr)) plotted against litterfall N and P contents (mg/(m2·yr)) for the C.aa wetland (filled triangles), C.ma
wetland (filled squares) and C.la wetland (filled circles).

for the C.aa wetland (r2=0.990, P=0.001) was slightly
more variable than that of the C.la wetland (r2=0.998,
P=0.0001). No significant relationship between litterfall
mass and litterfall N content was observed in the C.ma
wetland (r2=0.722, P=0.168). The differing regression line
slopes suggest that N cycling was coupled with ANPP
more closely in the C.la wetland and the C.aa wetland
compared to the C.ma wetland.
The amount of P returned in litterfall in the C.aa wetland was significantly lower than that of both the C.ma
and C.la wetlands by an average of 29.93 mg/(m2•yr) and
31.26 mg/(m2•yr), respectively (Table 1). Relationships
between litterfall mass and litterfall P content for the three
wetland types are shown in Fig. 1B. The relationship for
the C.ma wetland (r2=0.984, P=0.002) was slightly more
variable than that of C.la wetland (r2=0.999, P=0.0001)
and C.aa wetland (r2=0.996, P=0.0001), but the similar
slopes of the regression lines suggest similar relationships
between P cycling and ANPP for the three wetland types.
Litterfall N/P ratios were similar among the three
wetland types (P=0.473). However, litterfall C/N ratios

(P=0.044) and C/P ratios (P=0.041) were both significantly different among the three wetland types. The litterfall
C/N ratio and C/P ratio were highest in the C.la wetland,
and lowest in the C.ma wetland (Table 1).
3.3. Nutrient use efficiency (NUE)

The ratio of litterfall production to litterfall nutrient
content was calculated to determine NUE among the three
wetland types. NUE indices revealed that inefficient N
cycling was particularly evident in the C.ma wetland and,
to some extent, the C.aa wetland, while the C.la wetland
appeared to circulate N more efficiently (Fig. 2A). P cycling in litterfall was dramatically different among the
three wetland types, with the C.la wetland much more
efficient than the other two wetland types (Fig. 2B).
3.4. Nutrient resorption efficiency and nutrient resorption
proficiency

At the community level, N resorption efficiency was
significantly different among the three wetland types
(P<0.0001) (Table 1), with C.la wetland > C.aa wetland >
2500
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FIGURE 2 - Litterfall mass /nutrient ratio plotted against litterfall nutrient contents (mg/(m2·yr)) for the C.aa wetland (filled triangles), C.ma
wetland (filled squares) and C.la wetland (open circles).
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C.ma wetland. P resorption efficiency was also significantly different among the three wetland types (P<0.0001)
(Table 1), with C.la wetland > C.aa wetland > C.ma wetland.

affecting habitat and species diversity in river-floodplain
systems [16]. Moreover, Peršić et al. [5] reported that water
level fluctuations affect nutrient limitation among different
floodplain habitat types.

Similarly, N concentrations in senesced leaves were
different among the three wetland types (P=0.014) (Table 1).
N resorption proficiency in the C.ma wetland (0.643%) was
significantly higher than those in the C.aa (0.499%) and
C.la wetlands (0.449%). P concentrations in senesced leaves
were also significantly different among the three wetland
types (P<0.0001) (Table 1). P resorption proficiency among
the three wetland types showed a noteworthy increase: C.la
wetland (0.052%) < C.aa wetland (0.067%) <C.ma wetland
(0.081%) (Table 1).

N/P ratios were used as a diagnostic tool to determine
N or P limitations within the wetland systems. Koerselman
and Meuleman [9] suggested that a critical N/P ratio in
freshwater wetland vegetation was 14-16. An N/P ratio
>16 indicated P limitation on a community level, while an
N/P ratio <14 was indicative of N limitation. In the current study, vegetation N/P ratios from all three wetland
types were below the optimum balance (ie. <14), suggesting that N was limiting in relation to available P. Sun et
al. [17] also reported N deficiency in C.aa and C.la wetlands. These findings suggest that P is secondary to N in
constraining productivity in the three wetland types.

4. DISCUSSION
Cycling of N was coupled with ANPP more closely
in the C.la and C.aa wetlands than in the C.ma wetland,
suggesting that changes in N availability were linked to
greater changes in productivity in the C.la and C.aa wetlands compared to the C.ma wetland. Moreover, N resorption efficiency among the three wetland types showed a
noteworthy decrease: C.la wetland > C.aa wetland > C.ma
wetland. N resorption proficiency also showed a noteworthy decrease: C.la wetland > C.aa wetland > C.ma wetland.
These patterns suggest that N limitation among the three
wetland types varies, with C.la wetland > C.aa wetland >
C.ma wetland. More efficient N cycling in the C.la wetland was also evident by the higher NUE observed in that
system.
In contrast, P cycling was closely coupled with ANPP
for all three wetland types. However, P cycling patterns
were different among the three wetland types. P resorption efficiency among the three wetland types showed a
significantly decrease, with C.la wetland > C.aa wetland
> C.ma wetland. The P resorption proficiency among the
three wetland types showed a significant decrease, with
C.la wetland > C.aa wetland > C.ma wetland. These patterns suggest that P limitation among the three wetland
types varies, with C.la wetland > C.aa wetland > C.ma
wetland. In addition, the higher NUE observed in the
C.la wetland also indicated more efficient P cycling.
The relationships between nutrient cycling and ANPP
were significantly different among the three freshwater
wetland types. Several reasons have been identified in the
interpretation of the present research results. The first was
that the three freshwater wetlands were dominated by different plant communities. Plant community determined nutrient limitation since different plant communities have
different nutrient requirements. Also, the three wetland
types are located across a water level gradient being, consequently, sensitive to the changes in the hydrological regime.
Hydrologic fluctuations coupled with periodicity, water
chemistry and community structure are the key elements

Aquatic-based studies suggest that primary production in freshwater and marine ecosystems may be limited
by different nutrients, with freshwater primary productivity limited by P and marine system productivity limited by
N [6]. In freshwater, P has been regarded as the most
probable limiting nutrient for phytoplankton growth [18,
19], but co-limitation by P and N is not uncommon [20,
21]. For floodplain forests, P is the primary limiting nutrient in oligotrophic floodplain forests, and N is paramount
limiting nutrient in eutrophic floodplain forests [22]. In
the current study, the results showed that both P and N were
limiting nutrients in the three freshwater wetland types. These results suggest that the relative importance of nutrients
as limiting factors may be similar in different freshwater
wetland types located in the same river-floodplain systems.
5. CONCLUSION
In sum, our results showed that the relative importance of nutrients as limiting factors were similar in
the three different freshwater wetland types. N was the
primary limiting nutrient, and P was secondary to N in
constraining productivity within the three wetland types.
However, N limitation among the three wetland types
showed a noteworthy decrease, with C.la wetland > C.aa
wetland > C.ma wetland. P limitation among the three
wetland types showed a significant decrease across the
gradient, with C.la wetland > C.aa wetland > C.ma wetland. The contrasting nutritional requirements of these
freshwater wetland types further suggest that response to
increasing anthropogenic inputs of N and P from nonpoint source pollution may differ. Increasing N and/or P
input to the C.ma wetland may not stimulate production.
Conversely, for the C.la wetland, increasing N inputs may
result in greater rates of aboveground production given
the larger soil exchangeable macronutrient pools.
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ABSTRACT
Breeding for pollution-safe cultivar (PSC) is considered to be a useful tool to reduce Cd accumulation in crops.
The aims of this study were to investigate the intra-cultivar
variations in Cd accumulation in a Cd-PSC (cv. QLQ) and
a non-Cd-PSC (high Cd accumulating cultivar, cv. T308)
of water spinach (Ipomoea aquatica Forsk.) and the feasibility using cross and selective breeding to achieve the
dual-objective of reducing Cd accumulation and increasing
yield. The results of the first population experiment showed
that intra-cultivar variations in shoot Cd concentration in
cv. QLQ and cv. T308 were similar and lower than those in
shoot biomass, indicating that shoot Cd concentration, like
yield, was also a stable genetic trait. Another three pot
experiments were conducted to measure shoot biomasses and
Cd concentrations of cv. QLQ, cv. T308 and their progenies (F2, F3 and F4 populations). The results showed that
selective breeding from F2 to F4 generation increased shoot
biomass and simultaneously decreased shoot Cd accumulation, indicating that the trait of shoot Cd concentration
as well as shoot biomass is highly heritable. The breeding
methods were contributive to increasing yield and minimizing Cd accumulation in water spinach and exhibited a
great potential of the PSC breeding.

KEYWORDS: water spinach (Ipomoea aquatica Forsk.); cadmium (Cd); pollution-safe cultivar; biomass; breeding

1. INTRODUCTION
There is an increasing worldwide concern about the
accumulation of heavy metals in agricultural soils due to
the anthropogenic activities, such as the utilization of fertilizers, wastewater irrigation, electroplating, mining and
smel-ting [1, 2]. Cadmium (Cd) is highly toxic to plants and
can

* Corresponding author

threaten human health through bioaccumulation and biomagnification along the food chain [3]. Therefore, it is
necessary to take measures to minimize Cd accumulation in
crops in order to ensure food safety.
The uptake and translocation of Cd in plants vary greatly
among plant species and even among cultivars within the
same species [4, 5]. There have been reports of differences
in Cd accumulation among cultivars in rice (Oryza sativa
L.) [6], wheat (Triticum aestivum L.) [7], potato (Solanum
tuberosum L.) [8], water spinach (Ipomoea aquatica Forsk.)
[9], Chinese cabbage (Brassica pekinensis L.) [2], and so on.
Based on the genetic differences, some researchers proposed that selection and breeding of crop cultivars like
pollution-safe cultivars (PSCs), that is, the cultivars whose
edible parts accumulate specific pollutants at levels low
enough for safe consumption, be investigated as a practical method of minimizing heavy metal accumulation in
crops [2, 6]. However, traditional breeding methods put
too much emphasis on yield and rarely recorded Cd concentration in edible parts of corps. Therefore, it remains
unclear whether there are conspicuous differences in Cd
accumulation among different individuals within the same
cultivar. Moreover, the intra-cultivar stability in Cd accumulation is decisive to the feasibility of breeding for
Cd-PSCs.
Water spinach (Ipomoea aquatica Forsk.), an important leafy vegetable endemic in Southern Asia, India,
and southern China, is vulnerable to Cd pollution [9-11]. In
pre-vious studies, we obtained a water spinach Cd-PSC
(cv. QLQ), a non-Cd-PSC (high Cd accumulating cultivar, cv. T308), and their hybrid F1 [9, 10]. Average shoot
biomass of cv. T308 was 1.6-fold greater than that of cv.
QLQ [10], which hampered the application of cv. QLQ in
agricultural production. Therefore, high yield will be another co-con-sidered target for the PSC breeding besides
the low Cd accumulation. Although shoot biomass and Cd
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concentration of the hybrid F1 were closer to those of cv.
T308 rather than cv. QLQ [10], a single major gene locus
associated to Cd accumulation was proved by quantitative
trait loci (QTL) identification [12]. It is thus possible to
screen individuals with less Cd as well as high yield from
offspring population created by self-pollinating of the F1
individuals.
In this study, the first experiment was conducted to
investigate the intra-cultivar variations in shoot biomass
and Cd concentration in cv. QLQ and cv. T308 and the
second experiment was to select the individuals with high
biomass and low Cd concentration from the F1 offspring,
including F2, F3 and F4 populations created by sequential
self-pollination. It is hypothesized that there is no difference in Cd accumulation among individuals within the
same cultivar. It is also hypothesized that the crossing between cv. QLQ and cv. T308 is able to integrate the trait
of low Cd accumulation existing in cv. QLQ and the trait
of high yield in cv. T308 into their offspring, and the new
traits can be kept and purified by the sequential selfpollination of the offspring. A successful method for the
PSC breeding, which would be very worth for reducing
Cd accumulation and increasing production in water spinach, is expected.
2. MATERIALS AND METHODS
2.1. Experimental site and soil

The first experiment was conducted in an experimental garden of Heshan Institute of Agricultural Science (112°59′E, 22°42′N), Guangdong province, China.
The ex-perimental soil was collected from a vegetable farm
of the institute, air-dried and ground to pass through a 5 mm
sieve. The soil was used as the control. The Cd contaminated soil (Cd-soil) was obtained by mixing at the ratio
of 4 to 1 the control soil and a heavily Cd contaminated soil which was used twice for rice cultivation [6] and
contained 9.5 mg kg-1 Cd (dry weight, DW).
The second experiment was carried out in an experimental garden of Sun Yat-sen University (113°17′E,
23°5′N) located in Guangzhou, Guangdong, China. The
experimental soil was collected from a farm (111°55′E,
23°31′N) in Qingyuan, Guangdong, China. The soil containing 0.17 mg kg-1 Cd (DW) was mixed with the heavily
Cd contaminated soil mentioned above according to the
weight ratio of 20:1 to create a Cd contaminated soil (Cdsoil).
Each of the used soils was thoroughly mixed in a large
basin and then watered and left to balance outdoors under a

waterproof tarpaulin for two months before the soil properties were analyzed (Table 1). Soil pH was measured by a
pH meter (PHS-3C, Shanghai, China) in a soil to water
ratio of 1:2.5 [13]. The organic matter content was determined by wet digestion following the method of Nelson
and Sommers [14]. Total N was determined by titration of
distillates after Kjeldahl sample preparation and analysis
[15]. Available P was determined by molybdenum blue
colorimetry [16]. Available K was determined by an atomic
absorption spectrophotometer (AAS, Hitachi Z-2300, Japan)
[13]. Total and extractable Cd concentrations were determined with AAS following mixed acid digestion (HNO3–
HClO4–HF) [17] and DTPA extraction, respectively.
According to the Farmland Environmental Quality
Evaluation Standards for Edible Agricultural Products (HJ
332-2006), the maximum level (ML) of Cd is 0.3 mg kg-1
(DW), and all the tested soils except the control were contaminated by Cd.
2.2 Plant materials, experimental design and breeding process

In the first experiment, two water spinach cultivars,
cv. QLQ (Cd-PSC) and cv. T308 (non-Cd-PSC), were
used in the present study. The populations of each cultivar
were grown in plastic pots filled with 50 kg (DW) of the
prepared soil, with 70 cm diameter and 25 cm height. In
each treatment, eighty seeds of each cultivar were evenly
sown into two pots. The pots were randomly arranged in a
greenhouse with air temperature of 28-35°C. After germination, seedlings were thinned to 25 plants pot-1 left in a
week and watered with tap water daily and the solid compound fertilizer (N:P:K = 15:15:15) was applied into the
soils for 60 g pot-1 on the 15th day. The harvest time was
on the 30th day after germination.
In the second experiment, the tested water spinach
was cv. QLQ (female parent), cv. T308 (male parent) and
their F2, F3 and F4 progenies. F2 seeds were obtained by
self-pollinating 10 F1 plants named QT-M (1-10) in our
previous study. A total of three pot experiments were conducted in a greenhouse with air temperature of 28-35°C.
Plastic pots, with diameters of 18 cm (top) and 13 cm
(bottom) and height of 15 cm, were each filled with 2.5 kg
(DW) Cd contaminated soil. In each population, the two
parents were cultivated in 3 separate pots with one plant
per pot, respectively, as the controls of shoot Cd concentration and shoot biomass. Randomly selected 300 F2 seeds
were equally planted in 100 pots on August 30, 2008. The

TABLE 1 - Properties of the tested soils (dry weight basis)

pH
Organic matter (%)
Total N (g kg-1)

The first experiment
Control
Cd-soil
5.26
5.67
1.84
1.98
1.18
1.34

1839

The second experiment
Cd-soil
6.42
1.97
1.06
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61.1
61.4
0.16
0.06

88.0
74.4
2.01
0.86

experiment was laid out as a completely randomized design. After germination, seedlings were thinned to 1 plant
pot-1 left in a week and watered with tap water daily and
the solid compound fertilizer mentioned above was applied
into the soils for 3.0 g pot-1 on the 15th day. The shoots of
water spinach were harvested on the 30th day after germination. When shoot Cd concentrations were measured, it
was found that only shoot Cd concentrations of four
plants numbered QT-M-19, QT-M-30, QT-M-48 and QTM-49 were lower than that of cv. QLQ and their shoot
biomasses were higher than the mid-parent value. Consequently, the four regenerated plants were used to produce
F3 seeds by self-pollinating. All the F3 seeds were mixed
together, and randomly selected 120 seeds were equally
grown in 40 pots on May 10, 2009. The planting and management methods were as above. After shoots of F3 population were harvested, only shoot Cd concentrations of the
plants, whose shoot biomasses were higher than 95% of
that of cv. T308, were measured. Finally, only one plant
numbered QT-M-M-8 with the lowest shoot Cd concentration was self-pollinated for producing F4 seeds. Randomly selected 60 F4 seeds were equally planted in 20 pots
on September 20, 2009. The planting and management
methods were the same as the above experiment. After
harvesting the shoots of F4 population, shoot Cd concentrations were measured. Ultimately, the plants selected
out of F4 population simultaneously with higher biomass
and lower Cd concentration will be the desirable breeding
materials for high yield and low Cd concentration.
2.3 Sampling and chemical analysis

Only the shoots (including stem and leaf) were sampled as the work focused on the soil-plant-human pathway
of Cd. In the first experiment, fifty individuals of each
cultivar were harvested in each treatment but only 42 plants
for cv. QLQ were obtained under Cd exposure due to field
pests. In the second experiment, all the individuals of each
population were obtained. Each individual was considered
as a sample. All the samples were washed thoroughly with
tap water and then with deionized water before the fresh
weights (FW) were measured. The samples were dried at
105°C for 20 min and at 70°C to constant weigh. The dried
samples were weighed and then crushed to pass through a
0.149 mm sieve for chemical analysis. The Cd concentrations of the samples were determined by AAS after digestion with HNO3:H2O2 (10:3) in a microwave oven (Micro

57.4
84.1
0.60
0.24

wave digester MDS-6, Shanghai Sineo Microwave Chemistry Technology Co., Ltd, China). A Certified Reference
Material (CRM) of plant GBW07605 (provided by the
National Research Center for CRM, China) was used for
quality control (QC) in the Cd analytical procedures of
plant samples.
2.4 Statistical methods and safety standard

In the first experiment, all individuals of each cultivar
in each treatment were randomly divided into 5 groups by
using the random number generator. Each group included
10 individuals except that there were only 8 or 9 individuals in each group of cv. QLQ under Cd exposure. Data
were statistically processed by one-way ANOVA with the
least significant difference (LSD) test using the SPSS
11.0 and Excel 2003.
According to the General Standard for Contaminants
and Toxins in Foods (Codex Standard 193-1995, Revision 4, 2008, http://www.codexalimentarius.net/web/more_
info.jsp?id_sta=17), the Codex ML in leafy vegetables for
Cd was 0.2 mg kg-1 (FW). The standard was used to evaluate the safety of consuming water spinach.

3. RESULTS
3.1 Intra-cultivar variations of shoot biomass and Cd concentration

In the first experiment, shoot biomasses of the two
cultivars under Cd exposure were lower (p < 0.05) than
those under the control, and cv. T308 showed significantly
higher (p < 0.01) shoot biomass than cv. QLQ (Table 2).
Additionally, the difference of shoot biomass between the
two cultivars was 2.54-fold under Cd exposure, greater
than that (1.64-fold) in the control. These results indicated
that the growth of water spinach was inhibited under Cd
exposure and the extent of growth inhibition for cv. QLQ
was greater than for cv. T308. The coefficient of variation
(CV) of shoot biomass in cv. QLQ (27.0%) was similar to
that in cv. T308 (26.8%) in the control. By contrast, the
CV of cv. QLQ (29.0%) increased slightly while that of
cv. T308 (39.6%) increased greatly under Cd exposure
(Table 2). This implied that the intra-cultivar variations
were strengthened under Cd exposure especially for cv.
308. It was worth noting that there were no significant

TABLE 2 - Descriptive statistics for shoot biomasses (g plant-1, FW) of different cultivars under the control and Cd exposure
Cultivar

Number

Maximum

QLQ
T308
T308/QLQ

50
50

35.84
62.14
1.73

QLQ

42

19.53

Minimum
Control
11.82
18.29
1.55
Cd exposure
5.95

1840

Mean

SD

CV (%)

23.93 c
39.22 a
1.64*

6.45
10.52

27.0
26.8

12.57 d

3.65

29.0
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T308
50
59.65
8.46
31.91 b
12.62
39.6
T308/QLQ
3.05
1.42
2.54*
Notes: Different letters in a column indicate significant difference at the 0.05 level. SD and CV mean standard deviation and coefficient of variation,
respectively. * indicates significant difference at the 0.01 level between the two cultivars in the same treatment.
TABLE 3 - Statistical analysis results for the randomly grouped data of shoot biomasses (g plant-1, FW) and Cd concentrations (mg kg-1,
DW) of different cultivars under the control and Cd exposure
Cultivar

Random
Control
group
Biomass
Cd concentration
QLQ
Group 1
23.26 ± 7.10
1.14 ± 0.14
Group 2
22.36 ± 4.87
1.16 ± 0.21
Group 3
23.05 ± 7.81
1.10 ± 0.20
Group 4
25.95 ± 4.22
1.17 ± 0.17
Group 5
25.02 ± 8.00
1.26 ± 0.19
T308
Group 1
40.21 ± 7.73
2.20 ± 0.25
Group 2
37.82 ± 12.6
2.14 ± 0.26
Group 3
42.01 ± 11.95
2.11 ± 0.25
Group 4
40.56 ± 9.35
2.00 ± 0.26
Group 5
35.52 ± 11.08
2.07 ± 0.26
Note: Each of the values indicates mean value ± standard deviation.

differences (p > 0.05) in shoot biomass among different
random groups of the same cultivar both in the control
and under Cd exposure (Table 3), indicating that the intracultivar stability of shoot biomass did not change with the
variation of soil Cd concentrations.
A significant increase (p < 0.01) in shoot Cd concentration of the two cultivars was observed for Cd exposure
in comparison with the control (Table 4). In addition, not
only in the control but also in Cd treatment, shoot Cd
concentrations of cv. T308 were significantly higher (p <
0.01) than those of cv. QLQ, demonstrating again that Cd
accumulation in water spinach was genotype-dependent.
The total and DTPA-extractable Cd concentrations of Cd
contaminated soil were 11.6- and 13.3-fold higher than
those of the control soil, respectively, but shoot Cd concentrations of cv. QLQ and cv. T308 under Cd exposure
were 18.5- and 16.4-fold higher than those in the control,
respectively. This illustrated that an increase in soil Cd
content would lead to a greater increase in shoot Cd concentration of water spinach, which could pose a serious
risk to food safety. However, shoot Cd concentrations of
cv. T308 under Cd exposure and in the control were, respectively, 1.61- and 1.80-fold those of cv. QLQ (Table 4),
indicating that the difference between the two cultivars
was stable and did not obviously vary with the change of
soil Cd concentration. In addition, not only in the control
but also under Cd exposure, there were also no significant
differences (p > 0.05) in shoot Cd concentration among
different random groups of the same cultivar (Table 3). No-

Biomass
11.62 ± 4.33
13.56 ± 3.97
11.29 ± 2.28
12.30 ± 4.09
13.97 ± 3.33
27.75 ± 13.38
37.82 ± 14.40
33.78 ± 9.13
28.81 ± 12.58
31.38 ± 12.91

Cd exposure
Cd concentration
21.80 ± 2.79
23.56 ± 2.39
23.13 ± 4.44
23.09 ± 2.74
22.50 ± 3.56
36.95 ± 6.13
36.60 ± 4.00
37.75 ± 4.51
36.19 ± 6.30
36.49 ± 3.69

ticeably, the coefficients of variation in shoot Cd concentration were 13.9-15.8% for cv. QLQ and 12.0-13.2% for
cv. T308 (Table 4), indicating that the variation of soil Cd
concentration did not cause the great change in the difference of Cd accumulation between the two cultivars. The
two tested cultivars were both normal cultivars sold in the
present market, so the trait of shoot biomass was genetically stable. The coefficients of variation in shoot biomass were 1.7-3 folds of those in shoot Cd concentration
in the two cultivars, indicating that intra-cultivar variation
in shoot Cd concentration was smaller than that in shoot
biomass. Therefore, shoot Cd concentration seems to be a
more stable cultivar character than shoot biomass, although
the shoot Cd concentration is not yet breeding target when
the two tested cultivars was created.
3.2 Shoot biomasses and Cd concentrations of F2, F3 and F4
populations

Significant differences (p < 0.05) in shoot biomasses
and shoot Cd concentrations were observed among the
two parents, cv. QLQ and cv. T308, and F 2 population
(Table 5). The averages of the biomasses (FW) and Cd
concentrations (FW) were in order of cv. T308 (16.4 g
plant-1) > F2 population (10.8 g plant-1) > cv. QLQ (6.7 g
plant-1) and cv. T308 (0.315 mg kg-1) > F2 population
(0.245 mg kg-1) > cv. QLQ (0.170 mg kg-1), respectively.
Average shoot Cd concentration of F2 population was
between its two parents. Shoot Cd concentrations of all individuals of cv. T308 and some individuals of F2 popula-

TABLE 4 - Descriptive statistics for shoot Cd concentrations (mg kg-1, DW) of different cultivars under the control and Cd exposure
Cultivar

Number

Maximum

QLQ
T308
T308/QLQ

50
50

1.51
2.56
1.70

QLQ

42

28.33

Minimum
Control
0.75
1.61
2.15
Cd exposure
17.67

1841

Mean

SD

CV (%)

1.17 d
2.11 c
1.80*

0.18
0.25

15.8
12.0

22.82 b

3.16

13.9

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

T308
50
49.39
28.12
36.78 a
4.86
13.2
T308/QLQ
1.74
1.59
1.61*
Notes: Different letters in a column indicate significant difference at the 0.05 level. SD and CV mean standard deviation and coefficient of variation,
respectively. * indicates significant difference at the 0.01 level between the two cultivars in the same treatment.

lation exceeded the Codex ML for Cd (0.2 mg kg-1, FW),
but those of all individuals of cv. QLQ measured up to the
standard. Although shoot Cd concentrations of most of F2
individuals were higher than the mean value of cv. QLQ
(zone B and D in Fig. 1), there were 8 individuals whose
shoot Cd concentrations were lower than the mean of cv.
QLQ (zone A and C in Fig. 1). Among them, there were
only 4 individuals coded QT-M-19, QT-M-30, QT-M-48
and QT-M-49 whose shoot biomasses were higher than
the mid-parent value. This indicated that the 4 individuals
could be used as breeding materials for elevating yield
and reducing shoot Cd concentration.
As to the trial of F3, average shoot biomass and Cd
concentration of cv. T308 were still significantly higher
(p < 0.01) than those of cv. QLQ (Table 5). Comparing
with the F2 population, average shoot biomass of F3 popu-

lation (17.2 g plant-1, FW) was greatly improved, indicating that the breeding strategy using crossing method was
successful for increasing yield of water spinach. Among
the F3 population, there were 11 individuals that yielded
shoot biomasses being higher than 95% of cv. T308 (21.8
g plant-1) and accumulated shoot Cd concentrations being
lower than the Codex ML for Cd and being not significantly different from that of cv. QLQ (p > 0.05) (Fig. 2).
It is noticeable that average shoot biomass of F3 was not
higher than that of cv. T308, while the average shoot Cd
concentration had been lower than that of cv. QLQ, indicating that the selection for shoot Cd concentration might
be more effective than that for shoot biomass in water
spinach. Because shoot Cd concentration of the individual
coded QT-M-M-8 was the lowest among the F3 population, it was used to generate F4 seeds.

FIGURE 1 - Shoot biomasses and Cd concentrations of all the individuals of F2 population. Notes: Zone A indicates shoot biomasses of some
F2 individuals are higher than the mid-parent value and their shoot Cd concentrations are lower than the mean of cv. QLQ; Zone B indicates
shoot biomasses of some F2 individuals are higher than the mid-parent value but their shoot Cd concentrations are also higher than the mean
of cv. QLQ; Zone C indicates shoot biomasses of some F2 individuals are lower than the mid-parent value and their shoot Cd concentrations
are also lower than the mean of cv. QLQ; Zone D indicates shoot biomasses of some F2 individuals are lower than the mid-parent value but
their shoot Cd concentrations are higher than the mean of cv. QLQ.

TABLE 5 - Descriptive statistics of shoot biomasses and Cd concentrations of cv. QLQ, cv. T308, F2, F3 and F4 population.
Shoot biomass (g plant-1, FW)
Number
Minimum
Maximum
3
6.4
7.2
3
15.2
18.4
100
5.0
18.8

Mean
6.7c
16.4a
10.8b

Shoot Cd concentration (mg kg-1, FW)
Number
Minimum
Maximum
Mean
3
0.163
0.181
0.170c
3
0.309
0.325
0.315a
100
0.156
0.412
0.245b

F2 experiment

cv. QLQ
cv. T308
F2

F3 experiment

QLQ
T308
F3

3
3
40

11.8
19.5
10.1

14.5
25.3
23.9

13.4c
21.8a
17.2b

3
3
11

0.145
0.218
0.113

0.153
0.232
0.165

0.149b
0.224a
0.141b

F4 experiment

QLQ

3

13.7

16.2

15.1b

3

0.174

0.196

0.184b
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T308
3
22.6
27.3
25.2a
3
0.302
F4
20
19.8
38.2
29.2a
11
0.152
Note: Different small letters in the same column of each experiment indicate significant difference at p < 0.05 level.

0.332
0.198

36

0.18
Cd concentration

95% of shoot biomass of cv. T308 (20.7 g)

0.12

0.06

0

0.00

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

-1

12

Shoot Cd concentration (mg kg , FW)

Shoot biomass (g, FW)

Biomass

24

0.313a
0.178b

Individuals
FIGURE 2 - Shoot biomasses and Cd concentrations of the individuals of F3 population.

As shown in Table 5, average shoot biomass of F4
population was significantly higher than cv. QLQ (p <
0.05) and was no significant difference compared to that
of cv. T308 (p > 0.05), indicating that high yield of the
new experimental line was achieved via this breeding
procedure. On the other hand, shoot Cd concentrations of
all the F4 individuals were lower than the Codex ML for
Cd (Fig. 3) and the average was significantly lower than
that of cv.T308 (p < 0.05) and showed no significant
difference compared to that of cv. QLQ (p > 0.05), implying that the traits of high yield and low Cd concentration

had incorporated into the offspring of the strain QT-M-M8. These results proved that the character of shoot Cd
concentration in water spinach is highly heritable, which
laid the theory foundation for breeding Cd-PSCs of water
spinach as well probably as other leafy vegetables. Among
them, two new strains, coded QT-M-M-8-6 and QT-M-M8-17, had the lowest shoot Cd concentrations and the
highest shoot biomasses (Fig. 3) and could thus be used as
the exciting new materials for further breeding of highyield and low-Cd cultivars of water spinach.
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FIGURE 3 - Shoot biomasses and Cd concentrations of all the individuals of F4 population.

4. DISCUSSION AND CONCLUSIONS

would benefit the breeding of Cd-PSC with some excellent agronomic traits in water spinach.

Cadmium can be concentrated in human body over
time from ingestion of food containing Cd, leading to a
risk of chronic diseases with excessive intake. Therefore,
the breeding of low-Cd crop cultivars like Cd-PSCs was
considered to be an effective method of reducing Cd entering human diet from contamination of agricultural soils
[3]. In the present study, it was found that the trait of Cd
accumulation was stable not only in Cd-PSC but also in
non-Cd-PSC. Thus, the first hypothesis of this study is
acceptable, so the PSC strategy is also feasible for minimizing Cd accumulation in water spinach. However, the
low-yield of Cd-PSC (cv. QLQ) [10] limited its application in agricultural production. For this reason, it is necessary to develop a practicable breeding method to combine
low-Cd trait with high productivity.
In this study, the low Cd trait in cv. QLQ and the high
yield trait in cv. T308 are expected to be combined into
one new breeding line throughout breeding way via crossing between cultivars - continuous self crossing - continuous selection procedure. As our observation, although
yield of cv. QLQ is relatively low, it can develop many
branches which do not happen in cv. T308 [12] and is also
a key factor favoring yield elevation. It was reported that
shoot Cd concentration and biomass of water spinach were
controlled by a single major QTL on linkage group (LG) 4
and two major QTLs on LG 11 and LG 15, respectively
[12]. This provided theoretical basis for breeding low-Cd
and high-yield water spinach cultivar. In the present study,
it was found that the breeding processes of cv. T308 and
cv. QLQ resulted in the very stable trait in shoot Cd accumulation although the shoot Cd accumulation was not
breeding target for the two cultivars. This fact suggests
that the gene(s) controlling shoot Cd accumulation may
have some genetic connections with the genes controlling
other important agronomic properties, such as high yield
observed in cv. T308 or rich branch in cv. QLQ. This

According to the results of the previous studies [9,
10], when soil Cd concentration was about 0.6 mg kg-1,
the difference of Cd accumulation in shoot between cv.
QLQ and cv. T308 was most significant and only shoot
Cd concentration of cv. QLQ could measure up to the
food safety standard. Therefore, F2, F3 and F4 generations
were studied in the soil Cd concentration in order to provide a proper selection pressure. The selected four individuals of F2 population have combined low-Cd characteristic with partial high-yield traits in comparison with
their parents. In F3 population, all of the eleven individuals, whose shoot biomasses were greater than 95% of that
of cv. T308, maintained low-Cd trait which was similar to
cv. QLQ. These results proved that the trait of Cd-accumulating ability in a cultivar of water spinach is highly
heritable [12]. Accordingly, as suggested by Grant et al.
[3], it was considered that selection based on a single
individual plant was feasible at the next stage in the present study. The one of the eleven plants with the lowest
Cd concentration was thus selected for the future breeding
of high-yield and low-Cd water spinach. Morphological
analysis on the individual (QT-M-M-8) exhibited that the
new line possessed greater leaf area and taller plant height
than cv. QLQ and more branch and leaf than cv. T308 [12].
In this stage, the trait of low shoot Cd concentration deriving from cv. QLQ seemed to be integrated into the offspring more rapidly than the trait of high shoot biomass
coming mainly from cv. T308. In the investigation for the
intra-cultivar variations of shoot biomass and Cd concentration, it was also observed that the coefficients of variation in shoot biomass (Table 2) were 1.7-3 folds of those
in shoot Cd concentration (Table 4) in the two cultivars.
These facts demonstrated that the gene system of controlling shoot Cd accumulation in water spinach is simpler
than that of governing shoot biomass. According to the
QTL analysis of water spinach [12], shoot Cd concentra-
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tion was controlled by a major QTL, while shoot biomass
were by two major QTLs. These mutually matched evidences proved that the breeding process of Cd-PSCs for
crops may be comparatively easy to design and govern, at
least being not more complex than the breeding for yield
elevation.
All individuals in the F4 generation showed low shoot
Cd accumulation without exception, indicating that the
trait of shoot Cd accumulation was generally stabilized and
the F4 genotypes might be homozygous for the low-Cd
alleles after three generations of the selective breeding. On
the other hand, although variation in shoot biomass maintained at a great range which suggested that trait of yield
was still unstable, most individuals (16 of 20) in the F4
population yielded at a higher level compared to the average biomass of cv. T308, the high yield parent. This indicated the successful transmission and integration of genes
related to high yield, such as plant height, leaf area, branch
number and so on, from parents to offspring in the breeding procedure. The results proved that the strain QT-MM-8 with stable low-Cd and high-yield traits is practicable for agricultural production of water spinach. As compared with rather limited crops succeeded in breeding of
Cd-PSCs, such as durum wheat in Canada [18] and potato
in Australia [19], the breeding for water spinach was
really a time-saving process. To develop the durum wheat
cultivar “Strongfield”, which possessed not only great grain
yield, high protein concentration and high grain yellow
pigment concentration, but also low grain Cd concentration, Clarke et al. [18] spent a 13-year continued breeding
process. As to the low-Cd potato cultivar, although "Wilwash", which was selected from 14 common cultivars [8],
has been grown widely in Australia [19], it is indicated
that it will take at least 10 years to develop one or a few
potential potato cultivars having superior genetic traits
[20]. Therefore, breeding of Cd-PSCs for leafy vegetable
is confidently a shortcut to reduce Cd intake from diet of
human being.
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In conclusion, the breeding procedures successfully
created two strains of water spinach with stable traits of
high shoot biomass and low shoot Cd concentration. The
results demonstrated that crossing between cultivars - continuous self crossing - continuous selection procedure was
an effective method for minimizing Cd accumulation in
water spinach. The breeding procedure enabled also the
combination of the low shoot Cd concentration with high
shoot yield in the crossing offspring. Thus, the second
hypothesis of the present study is also acceptable. It is
expected that other agronomic traits such as stress resistance or nutritional quality of the newly created lines
could be further improved in the successive selections of
subsequent generations.
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ABSTRACT
A comparative study on the performance of a singledeck (SD-MBR) and a double-deck MBR (DD-MBR) under
same aeration intensities for real municipal wastewater
treatment was carried out in this study. Membrane filtration, pollutant removal efficiency and microbial physiology
were systematically investigated. Test results showed that
under same aeration intensity, the oxic zone of DD-MBR
had high dissolved oxygen (DO) concentration compared
to that of SD-MBR. The cross-flow velocity of the DDMBR was also higher than that that of the SD-MBR, which
was conducive to the control of membrane fouling in the
DD-MBR. The DD-MBR could achieve better total nitrogen removal efficiency while the SD-MBR had higher total
phosphorus (TP) removal performance. Microbial activity
analysis showed that microorganisms of the SD-MBR had
higher activity including oxygen uptake rate, nitrification
and denitrification effects than those of DD-MBR, indicating that the lower nitrification in the SD-MBR was
hindered by DO concentration rather than the microbial
species. The SD-MBR had much higher TP removal efficiency which was due to the higher enzymes of microorganisms. Polymerase Chain Reaction-Denaturing Gradient Gel Electrophoresis analysis demonstrated that there
were obvious differences in microbial species diversity in
the two MBRs.

KEYWORDS: Double-deck membrane module; Membrane bioreactor; Microbial physiology; Wastewater treatment

1. INTRODUCTION
In the past two decades, membrane bioreactor (MBR)
process has gained worldwide attraction and popularity
* Corresponding author

for wastewater treatment and reclamation [1]. With the
intensive efforts made by researchers and organizations,
many clients and end-users have regarded MBR as “stateof-the-art” process. Compared to conventional activated
sludge (CAS) system, it is also well accepted that MBR
process has prominent advantages such as a smaller footprint, less sludge production and better effluent quality [2-4].
However, it has to be admitted that this technology are
facing several obstacles, such as membrane cost, membrane life-span, fouling and energy consumption, etc. The
energy consumption of MBR is still larger than CAS system, which is mainly due to the fact that MBR requires
a high aeration intensity to induce a cross-flow velocity
for membrane scouring and fouling control. In order to
overcome the energy consumption issue, a double-deck
MBR configuration containing both upper and lower membrane cassettes has been proposed recently [5]. The lower
cassettes are equipped with a coarse or fine air bubble
diffuser and provide structural support to the upper. This
double-deck configuration may offer several benefits, such
as the reduction in the air consumption for membrane
cleaning, reduction of membrane footprint, reduction of the
biological volume consumed by the membrane system.
However, to date, the information on the performance of
double-deck MBRs is very limited.
The objective of this study is, therefore, to gain insights into the novel double-deck configuration MBR. A
single-deck and a double-deck MBR for the treatment of
real municipal wastewater were operated in parallel under
the same aeration intensities. Pollutant removal, membrane filtration performance, and sludge physiology including enzymes and Polymerase Chain Reaction-Denaturing
Gradient Gel Electrophoresis (PCR-DGGE) analysis were
systematically investigated in the two MBRs. A comparative analysis on their performances induced by different
configurations was also carried out in this work. The
results obtained in this study are expected to provide a
sound understanding in the overall performance of singleand double-deck MBRs.
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2. MATERIALS AND METHODS
2.1. Experimental setup

As shown in Fig. 1, the experimental system consisted
of a single-deck MBR (SD-MBR) and a double-deck MBR
(DD-MBR) that were operated in parallel. Each system had
an anaerobic zone, two anoxic zones and an MBR zone,
and the total effective volume of each system was 194 L
but with different footprint and height due to the different
membrane module configuration. Four membrane modules were mounted vertically as single deck in SD-MBR
and as double deck in DD-MBR between two baffle plates
located above air diffusers. In the DD-MBR, each of the
upper and lower membrane cassette was comprised of two
membrane modules. The membranes were made of polyvinylidene fluoride (PVDF) membrane with a mean pore size

of 0.20 µm and an effective filtration area 0.175 m2 for
each module. Air was monitored by a rotameter and supplied through the air diffuser which was below the membrane modules in order to supply oxygen demanded by the
microorganisms and to induce a cross-flow velocity (CFV)
along membrane surfaces. The influent pump was controlled
by a water level sensor to maintain a constant water level in
the bioreactor over the experimental system. The membranefiltered effluent was then obtained by suction using a pump
connected to the modules. The effluent flow rate and transmembrane pressure (TMP) were monitored by a water meter
and a pressure gauge, respectively.
2.2. Operating conditions

The two MBRs were conducted under same operational parameters. The influent wastewater characteristics

Recycle pump (II)
Recycle pump (I)
Pressure gauge Effluent pump

Influent pump
Control system

SD-MBR
Membrane

Baffle plate

Rotameter
Air pump

Anaerobic

Anoxic I

MBR zone

Anoxic II

Recycle pump (II)

Wastewater tank

Recycle pump (I)

Influent pump

Pressure

Effluent pump

gauge

Membrane

Baffle plate

DD-MBR

Rotameter
Air pump

Anaerobic

Anoxic I Anoxic II

MBR zone

FIGURE 1 - Flow diagram of two parallel submerged MBRs.
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are shown in Table 1. The membrane flux of the two
MBRs was kept constant at about 15 L/(m2 h) during the
experiment. A suction cycle of 10 min followed by 2 min
relaxation (non-suction) was employed. The hydraulic
retention time (HRT) and sludge retention time (SRT) were
maintained at 16.2 h and 60 d, respectively. The recirculation rate I (from MBR zone to anoxic zone) was about
3 times of the influent flow rate, while the recirculation
rate II was about half of the influent flow rate. The aeration intensity of each MBR was about 0.3 m3/h. The only
difference in the two MBRs was dissolved oxygen (DO)
concentration in the mixed liquors due to the different
membrane module configuration. In the SD-MBR, the DO
was maintained about 0.5 mg/L in the MBR zone, while it
was about 2.0 mg/L in the MBR zone of the DD-MBR
under same aeration rate. The mixed liquor suspended solids
(MLSS) in the SD-MBR and DD-MBR was 4.9±0.4 mg/L
and 4.5±0.9 mg/L, respectively. The MBRs were operated
with temperature in the range of 18–28 ºC. Chemical cleaning-in-place procedure (0.5% (v/w) NaClO solution, 2 h
duration) was carried out in order to recover membrane
permeability if the TMP reached about 30 kPa during the
operation.
2.3. Analytical methods

Measurements of chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP), ammonia (NH3N) and pH in the influent and membrane effluent, mixed
liquor suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS) in the system were performed
according to the Chinese NEPA standard methods [6]. The
DO concentration in the reactor was measured by a dissolved oxygen meter (YSI 58, YSI Research Inc., OH,
USA). The procedures for extracellular polymeric substances
(EPS) using thermal-treatment method [including loosely
bound EPS (LB-EPS) and tightly bound EPS (TB-EPS)] and
soluble microbial products (SMP) were performed according to the literature [7]. CFV was determined using Cuptype Current Meter (Model LS45A, Chongqing Hydrological Instrument Incorporated, Chongqing, China).

comparison and analysis of population structure of sludges
in the SD-MBR and the DD-MBR. The detailed experimental steps of DNA extraction, amplication and DGGE
gel analysis were according to the methods described by
Jiang et al. [10]. Shannon-Wiener index was used for the
analysis of microbial diversity in sludge samples. Shannon-Wiener index can be worked out through the following equation.

ni ni
ln
N
N
i =1
s

H ' = −∑

(1)

Where H' is Shannon index, S is band number of each
sample, ni is individual number of species i, and N is total
individual number in a population. Here, individual number is expressed by peak area.
3. RESULTS AND DISCUSSION
3.1. Membrane filtration performance

Fig. 2 shows the TMP profiles in the two MBRs during 190-day operation. From Fig. 2, it can be seen that in
the first 30 days the TMP increase of the two MBRs was
very rapid during the period of sludge acclimation. Afterwards, the TMP increase rate in the MBRs began to
differ. In the DD-MBR, lower TMP increase was achieved
compared to the SD-MBR. The lower fouling rate of DDMBR could be due to the higher cross-flow velocity (CFV)
along membrane surfaces. It is widely accepted that with
the increase of CFV, membrane fouling can be alleviated
[4]. Under the same aeration intensity, the change of reactor structure can vary CFV values based on the theory developed by Yusuf and Murray [11]. The CFV can be improved by increasing the height of gas-liquid dispersion
without changing the aeration intensity. This is consistent with our measured data, i.e., the CFV of the DDMBR was about 0.37 m/s whereas it was just 0.17 m/s in
the SD-MBR.

The enzymes including the alkaline phosphatase and
acid phosphatase were measured according to the methods reported by Goel et al. [8] with p-nitrophenylphosphate disodium salt (Sigma N 3254, USA) as the standard.
The oxygen uptake rate (OUR), ammonium uptake rate
(AUR), nitrate (nitrite) uptake rate, phosphate release rate
(PRR) and phosphate uptake rate (PUR) were determined
in batch experiments [9] in order to evaluate the physiology of the microorganisms. The OUR value of heterotrophic bacteria was measured by adding 10 mg/L allylthiourea (ATU) into the mixed liquor to restrain the
activity of the autotrophic bacteria. The OUR value of
autotrophic bacteria (OURA) in the mixed liquors were
also obtained by subtracting the OUR value of heterotrophic bacteria (OURH) from the total OUR.
Polymerase Chain Reaction-Denaturing Gradient Gel
Electrophoresis (PCR-DGGE) technology was adopted for

FIGURE 2 - Evolution of TMP in SD-MBR and DD-MBR during
the operation.
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3.2. Pollutant removal efficiency

Table 1 summarizes the influent wastewater characteristics and the effluent water quality of the two MBRs.
It can be seen that COD, NH3-N, and TN removal efficiencies in the DD-MBR were higher than those in the
SD-MBR, whereas better TP removal was achieved in the
SD-MBR. The differences in the removal performances of
the two MBRs should be related to the DO concentrations
and the physiological characteristics of the sludge.
TABLE 1 - Influent wastewater and the effluent water characteristics of two MBRs*.
Items (mg/L)

Influent
wastewater
COD
275.9±51.8
NH3-N
38.6±4.1
TN
43.2±7.7
TP
4.3±0.6
Number of measurements (n): n=37
n=27 for TP.

Effluent of SD- Effluent
of
MBR
DD-MBR
28.0±10.0
22.0±10.1
8.0±4.9
0.3±0.2
10.3±3.4
7.1±1.5
0.6±0.4
2.6±0.9
for COD; n=23 for NH3-N and TN;

As mentioned earlier, the DO concentrations in the SDMBR and the DD-MBR were about 0.5 mg/L and 2.0 mg/L,
respectively. The different DO concentrations in the two
MBRs under same aeration rate could be due to the different reactor structure. Under higher liquid level and
stronger turbulence (larger CFV), the oxygen transfer rate
in the DD-MBR was higher than that in SD-MBR. It has
been reported that the increase of liquid height in a reactor
can induce a high oxygen transfer rate [12]. Under lower
DO operation, the nitrification effect was hindered. Therefore, the effluent NH3-N concentration of the SD-MBR was
higher compared to that of the DD-MBR. Fig. 3 illustrates
the nitrogen composition in the effluents of the two MBRs.
In SD-MBR, NH3-N concentration accounted for a large
proportion of the effluent nitrogen while nitrate was
the major composition in the DD-MBR.

ic zone and oxic zone were analyzed (see Fig. 4). In the
anaerobic zone of SD-MBR, the TP concentration was
higher compared to that in the anaerobic zone of DDMBR. It indicates that the release of the stored intracellular polyphosphates by decomposition to simple orthophosphate was more remarkable in the anaerobic zone of SDMBR compared to DD-MBR. According to the biological phosphorus removal mechanisms [13], the decomposition of polyphosphate to orthophosphate results in an increase of soluble phosphorus in the mixed liquor and also
releases energy, and the energy can be used by the microorganisms to transport soluble BOD through the cell wall
and to store the soluble BOD inside the cell. In the oxic
phase, the phosphate accumulating organisms (PAO) can
convert the stored BOD to CO2 and H2O and obtain energy [14]. A portion of the energy is used to recreate the
intracellular polyphosphate using the orthophosphate released in the anaerobic zone. Because new cells are produced, the amount of phosphate removed from solution is
greater than that previously released in the anaerobic zone.
Therefore, the phosphorus can be removed through discharging waste sludge containing high concentration of phosphate.
12

Concentration (mg/L)
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FIGURE 4 - TP variations along with the treatment processes in the
two MBRs.
3.3. Microbial physiology analysis in the two MBRs
3.3.1. Microbial activity analysis

NH3-N

6
4
2
0
SD-MBR

DD-MBR

DD-MBR

FIGURE 3 - Effluent nitrogen compositions of the two MBRs.

In order to analyze the phosphorus removal in the two
MBRs, the TP concentrations in the anaerobic zone, anox-

In order to further explain the different performances
in the two MBRs, the physiological characteristics of
sludges were analyzed. The OURA, OURH, AUR, NUR,
PRR and PUR values of the mixed liquor in the two
MBRs are shown in Table 2. From Table 2, it can be seen
that the activity of microorganisms in the SD-MBR was
higher than that in the DD-MBR. Although the nitrification effects were restrained in the SD-MBR, the OURA
and AUR values of the SD-MBR were larger compared to
those of the DD-MBR. It illustrates that in the real operation, the DO concentration is the important factor resulting in the different nitrification performance rather than
the microorganism species.
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Items
OURA
(mgO2/(gVSS h))
OURH
(mgO2/(gVSS h))
OUR
(mgO2/(gVSS h))
AUR (mgN/(gVSS
h))
NUR (mgN/(gVSS
h))
PRR (mgP/(gVSS
h))
PUR (mgP/(gVSS
h))

SD-MBR
12.24

DD-MBR
0.72

12.24

12.60

24.48

13.32

6.16

2.91

3.19

2.99

1.11

0.39

0.98

0.35

It can also be seen that the phosphorus release rate
and the phosphorus uptake rate of the SD-MBR were much
higher than those of the DD-MBR, which could explain
why the SD-MBR achieved better phosphorus removal
efficiency. In order to further verifying the microbial function in phosphorus removal, the enzymes including alkaline
phosphatase, acid phosphatase and total phosphatase in the
two MBRs were measured and are shown in Fig. 5. It
clearly shows that the concentrations of alkaline phosphatase and total phosphatase in SD-MBR were larger than
those of DD-MBR, while the acid phosphatase concentrations in the MBRs were almost the same. Alkaline phosphatase can hydrolyze phosphomonoesters to provide an
alternative source of phosphorus for the cells, while acid
phosphatase is reported to be involved in internal cell metabolism [15]. It supports that the SD-MBR with high
con-centration of alkaline phosphatase performed very
well in phosphorus release. The distribution of enzymes
in SMP, LB-EPS, TB-EPS, and sludge in the two MBRs
is shown in Fig. 6.

Phosphatase (µmol/(gVSS h))

120
Alkaline

100

Acid

comparable. The difference of enzyme distribution may be
another reason for the phosphorus removal efficiency in
the two MBRs.
Phosphatase (µmol/(gVSS h))

TABLE 2 - OURA, OURH and total OUR values of the mixed liquors
in the two MBRs.

Total

80

70
60

(a)

Alkaline

Acid

50
40
30
20
10
0
SM P

Phosphatase (µmol/(gVSS h))
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FIGURE 6(a) - Enzyme distribution in the SD-MBR; (b) Enzyme
distribution in the DD-MBR.

The content of TP in SMP, EPS and sludge in the two
MBRs is summarized in Table 3. It is obvious that the TP
content in the SMP of the SD-MBR was much lower than
that of DD-MBR while the TP content in the LB-EPS,
TB-EPS and sludge was higher than that of DD-MBR. It
indicates that the TP was mainly stored inside the cell and
in the bound EPS rather than SMP. The TP content in the
SMP was closely related to the effluent TP.
TABLE 3 - TP content in SMP, EPS and sludge in the two MBRs
(oxic zone) (unit: mg/gSS)*.

60

MBRs
SMP
LB-EPS
SD0.09±0.08
1.43±0.91
MBR
DD0.98±0.14
0.51±0.09
MBR
* Number of measurements (n): n=10.

40
20
0
SD-M BR

DD-M BR

TB-EPS
11.16±5.69

Sludge
30.22±3.40

5.60±2.26

19.41±3.33

FIGURE 5 - Alkaline, acid, and total phosphatase in the two MBRs.

3.3.2. PCR-DGGE analysis

In Fig. 6, the enzyme distribution in SMP, LB-EPS,
TB-EPS, and sludge in the two MBRs are different. In the
DD-MBR, the alkaline phosphatase was much less than
the acid phosphatase in each component. However, in the
SD-MBR, the alkaline phosphatase concentration in SMP
was larger than the acid phosphatase. In LB-EPS and TBEPS, the alkaline and acid phosphatase concentration was

Fig. 7 is the image of DGGE fingerprint of sludge
from the SD-MBR and the DD-MBR. It shows significant
differences in microbial population structure between the
sludge of the SD-MBR and that of the DD-MBR. Based
on the calculation of Shannon-Wiener index, the index of
sludge in SD-MBR and in the DD-MBR was 2.32 and
2.68, demonstrating that microbial species of DD-MBR
was diversified than that of SD-MBR. In addition, the

1851

© by PSP Volume 21 – No 7. 2012

Fresenius Environmental Bulletin

bands present in the two fingerprints were also different.
Bands 1 and 2 are very intensive in the fingerprint of
sludge taken from SD-MBR while the intensity of them is
decreased in the DD-MBR fingerprint. It is also very
obvious that Bands 3 and 4 are intensified in the in the
DD-MBR fingerprint. Bands cluster located at region 5
shows that the cluster in the DD-MBR fingerprint become
more intensive while the intensity of cluster located at
region 6 is decreased in the DD-MBR fingerprint compared with the DDGE fingerprint of SD-MBR. The results
well indicate that the dominant microbial species in the
two MBRs were different, which is related to the performance of the two MBRs as mentioned above. In particular, the different TN and TP removal efficiencies in the
two MBRs were in agreement with the DGGE fingerprint
images. When the nitrification was hindered in the SDMBR, the phosphate accumulating organisms (PAO)
might grow well; however, due to the high DO concentration, the P-releasing behaviours of PAO might be negatively impacted which in turn affecting PAO species in
the DD-MBR.

analysis also showed that microbial diversity in the two
MBRs was different.
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