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DYNAMIC MODELING OF WATER SUPPLY
NETWORK BASED ON HYBRID OPTIMIZATION ALGORITHM
Hai Lu*, Jianhui Wang, Yingzi Lin
Key Laboratory of Songliao Aquatic Environment, Ministry of Education, Jilin Jianzhu University, Changchun, PR China

ABSTRACT
A reasonably constructed dynamic model of an urban
water supply network is the building block for the operation, simulation, reconstruction, expansion and planning of
a water supply network. A dynamic model of the water
supply network was built in Ma’anshan City, Anhui Province, China, which could offer science-based operations for
attaining high efficiency, low cost water supply networks
that foster both economic and social benefits. The model
was designed consisting of 3 water sources, 977 pipe sections and 863 nodes. After that, a hybrid optimization algorithm combined algorithms based on a chaos optimization algorithms (COA), a genetic algorithms (GA) and a
Davidon-Fletcher-Powell (DFP) variable metric algorithm
was employed for the precise verification of both the nodal
flow quantity and pipeline friction coefficients. The results
showed: 1) that the guaranteed rate of <1.0 mH2O absolute
error of pressure measurement was 84.62%; 2) that the
guaranteed rate of <1.5 mH2O absolute error was 92.31%,
and 3) that of <2.0 mH2O absolute error was 100%. For
the flow quantity measurement, 1) the guaranteed rate of <
5.0 L/s absolute error was 86.67%; 2) the guaranteed rate
of <10.0 L/s absolute error was 93.33%, and 3) that of
<20.0 L/s absolute error was 100%. Judging from the results above, the dynamic model was proved to be of sufficient precision. Then the simulation analysis was performed on the current status and the planned operation of
the water supply network in Ma’anshan City, which proved
the practicability of the designed model.

KEYWORDS: water supply network, dynamic modeling, model
verification, hybrid optimization algorithm

1. INTRODUCTION
A water supply network is an integral component of
urban well-being, supplying water to urban residents and
to local enterprises [1, 2]. They are comprised of physical
underground pipelines with various characteristics. The ur* Corresponding author

ban water supply network in China is managed mainly by
experienced staff, though distribution scheduling is often
based on personal and subjective judgment [3-5] and not
always systematic and scientific. In most of China’s cities,
the water supply networks are laid out unreasonably, with
either high pressure or low pressure at some nodes in the
distribution network. The users affected by the low-pressure water supply may have an inadequate access to water,
while the high-pressure water supply may be associated
with a high risk of pipeline leakage. This has posed a great
threat to water supply security of the urban area, and in the
meantime, causes an unnecessary waste of resources and
energy [5, 6]. To address the current drawbacks of China’s
urban water supply network mentioned above, a dynamic
water supply network model was established， which can
monitor and analyze variations of pressure and flow quantity. By doing so, operational characteristics of the water
supply network are fully reflected in our model. The highand low-pressure pipes of Ma’anshan City’s water supply
network were applied to the model as a first step toward
achieving security and reliability of the network. Dynamic
modeling of the urban water supply network is also a basis
for planners to achieve more reasonable scheduling. Using
science-based operations is crucial for attaining high efficiency, low cost water supply networks that foster both
economic and social benefits [7-10].
However, it is often difficult to solve the dynamic
model of water supply network because water supply networks are generally enormous. Therefore, on the one hand,
dynamic model of water supply network can be simplified
to reduce the amount of computation without affecting its
precision; on the other hand, it is quite necessary to seek a
kind of parallel and intelligent algorithm with powerful optimization ability and fast convergence for dynamic model
optimization of water supply network [11, 12].
In the optimization of practical engineering problems,
whether an algorithm is feasible and efficient can be reflected in two aspects, accuracy and computational efficient in the optimization results. The traditional algorithms
are normally based on a gradient algorithm, and depend on
the initial calculation point selection. In the optimization of
a real-world problem using this kind of algorithm, how to
select the suitable initial calculation point is a difficult problem, and at the same time, it is also difficult to solve the
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function gradient for this optimization problem. Therefore,
the convergence of the traditional algorithms based on gradient algorithm is normally bad, and at the same time, the
computational efficiency is generally low. Meanwhile,
enumeration algorithms are of low efficiency if used in optimization of practical engineering problems because of too
many iterative search times [13, 14].
In the last three decades, a significant research effort
was focused on the development of effective and efficient
stochastic methods that could reach the nearest global optimal solution [15-17]. Some novel optimization algorithms,
such as genetic algorithms (GA), simulated annealing algorithms (SAA), chaos optimization algorithms (COA), ant colony optimization (ACO) and particle swarm optimization
(PSO), obtained rapid popularization and application by
simulating some natural phenomenon or process [18].
Generally, considering of the complexity, constraint,
nonlinear and multi-minimum features of engineering optimization problems, every algorithm has its advantages
and disadvantages, and could not be universal on all issues
in the application process [19, 20]. If the algorithm is of
strong search ability, it is able to increase or maintain the
diversity of population, which can avoid falling into local
optimal strategies; meanwhile, the convergence speed of
the algorithm will be affected. However, when the algorithm is of quick search speed, the diversity of solutions
will be limited, which will cause premature convergence;
meanwhile, the solutions are local optimal.
For reasons above, hybrid algorithms combining advantages of two or more optimization algorithms are usually applied to solve the target problems. For example,
combination of chaotic neural network genetic algorithms
(CNNGA) and SAA can compensate the slow convergence
speed of SAA and population degradation of GA; combination of COA and PSO can fully utilize the ergodicity of
COA and fast convergence of PSO [20-22]. Therefore, to
achieve desired optimization effect, optimization algorithm
or hybrid algorithm should be properly selected based on
certain research objects.
In this paper, to obtain optimum solution of the dynamic model of water supply network accurately, COA is
integrated with GA and DFP variable metric algorithm to

form a novel hybrid optimization algorithm, CGA-DFP.
There are many advantages in CGA-DFP, such as global
optimization ability comes from GA and COA, local optimization ability comes from DFP, ability of low requirement for initial value comes from GA and COA, and the
ability of needing short calculation time comes from DFP,
respectively.
As an example, dynamic modeling of water supply
network based on hybrid optimization algorithm was executed in a southern city of China, with the purpose of improving the security and efficiency of the urban water supply network. The major industrial city in Anhui Province,
Ma’anshan City, is situated at the southern bank of the
lower reaches of the Yangtze River. Its water supply network was built in 1958. Three water factories are incorporated into the water supply network. The total supply capacity reaches 395,000 m3/d, of which 65,000 m3/d are
contributed by the Huashan Water Factory, 230,000 m3/d
by the Caishi Water Factory and 100,000 m3/d by the Cihu
Water Factory. The water supply network is also comprised of eight local water pressuring stations. The total
length of pipe sections is 420 km (diameter above DN150).
The daily water supply capacity of the past ten years ranges
from 197,500 m3/d to 229,000 m3/d. Before the year 1997,
the pipelines were mostly made of gray cast iron, and after
1997, ductile iron pipes are used. The average annual leakage rate is estimated at 29.0%. Pipeline bursting is common
and threatens normal operations.
In this study, the outdoor parameter measurement was
carried out in combination with theoretical analysis. The
raw data acquired of the Ma’anshan City’s water supply
network were evaluated and processed. Then the topological map of the pipeline network was generated, and the regularity of water usage by large consumers was fitted. On
this basis, the pipeline friction coefficients could be estimated and the flow quantities at various nodes were calculated. Finally, the dynamic model of the water supply network was constructed. After verification, the model was
applied to the simulation of the status of the current operation of the water supply network in Ma’anshan City and
later to the reconstruction and expansion planning of the pipeline network. The technical flowchart is shown in Fig. 1.

FIGURE 1 - Dynamic model flowchart of the water supply network
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2. FOUNDATION OF THE DYNAMIC MODEL
FOR THE WATER SUPPLY NETWORK
2.1. Generation of water supply network topological map

The generation of a topological map of the pipeline
network is the first step in the hydraulic calculation. Two
methods are available for the inputting of relevant data into
the pipeline network modeling software before generating
the topological map [23, 24]. One is to convert the data on
water supply facilities and auxiliary components into digitized form by a digitizer. The other is to input the pipeline
network information provided by GIS (Geographic Information Systems) into the modeling software via a programming interface. The latter is more time-efficient and accurate. However, Ma’anshan City has no GIS for its water
supply network. The graphics were modified and updated
to generate a 1:1000 CAD graphic of the water supply network which included detailed information on elevation,
valves and fire hydrants and the CAD graphic was sufficiently accurate for the modeling.
The CAD information was entered into a WNW
graphics editor developed by the Research Institute of Water Supply and Drainage Systems, Harbin Institute of Technology. The WNW system has a built-in GIS engine,
whereby the information was vectorized. Static and dynamic information of the water supply network were entered into the topological map to complete the base map of
the water supply network. Fig. 2 is the topological map of
Ma’anshan City’s water supply network. Fig. 3 diagrams the
distribution systems for each of the three water factories.
FIGURE 3 - Distribution systems for each of the three water factories

Not all pipelines were considered because of their hydraulic calculation complexity and because some of the
pipelines might have been impossible to model. The main
pipelines were retained while other minor pipelines were
eliminated from the map. The actual pipeline network
structure was still maintained as was all principle operational functions. The specific techniques of simplification
included the merging of pipelines, elimination of minor
pipelines and generation of equivalent pipelines.
The final topological map indicated 977 pipe sections in
a total length of 236.948km and 863 nodes (Table 1 and 2).
2.2. Parameter measurement and data fitting

FIGURE 2 - Topological map of Ma’anshan City’s water supply network

Water usages by the large users were fitted and the
pipeline friction coefficients were estimated by gray system theory. Since water uses vary with the type of users,
large users were fitted first. Other user types were then fitted which became the basis for flow quantity calculations
of various nodes [25]. Because of the long history of
Ma’anshan City’s water supply network and the large timespan in the laying of pipelines, the difference in pipeline
friction coefficients between the new and old pipelines may
be very large. The existing data and specifications only
provide the pipeline friction coefficients for new pipelines.
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TABLE 1 - Diameters of various pipelines in the topological map
Pipeline diameter/mm

DN200

DN 250

DN 300

DN 350

DN 400

DN 500

Number of pipe sections
Length of pipe sections/km

233
40.171

20
5.055

325
70.978

3
0.630

89
28.363

148
37.199

Pipeline diameter/mm

DN 600

DN 700

DN 800

DN 1000

DN 1200

DN 1600

Number of pipe sections
Length of pipe sections/km

61
16.096

1
0.108

76
32.088

15
4.521

3
1.534

3
0.205

TABLE 2 - Pipeline age in the topological map
1940~

1950~

1960~

1970~

1980~

1990~

2000~

2010~

1949

1959

1969

1979

1989

1999

2009

2012

Number of pipe sections

1

0

41

267

223

229

213

3

Length of pipe sections/km

0.602

0.000

8.342

48.815

43.375

41.794

92.507

1.513

2.2.1. Fitting of water use regularity of large users

The variations in the amount of water use for all types
of users were estimated first. Then the flow quantities of
the nodes in the water supply network could be calculated
to categorize the water users and to determine the distribution of water use among different types of users. The precision of the calculation of the flow quantities at nodes directly affects the precision of the dynamic model and hence
the ability to obtain of the operational regularity of the water supply network.
According to the water use records of the past year for
all users, the users with water consumption exceeding 1000
m3 per month for four consecutive months were classified
as large users. Thus, a total of 506 households were chosen
to be large users, consuming about 60% of the city’s total
water supply every month.
The large users were further divided into eight categories: commercial, office, domestic, school, hospital, public
bathing, industrial and general service. Uses of water by all
categories of large users were measured in the network.
Twenty-five typical households were screened from all
large users and an intelligent flow meter was installed at
the water meter in the incoming water feed for data collection for 720 hours. The water use data were recorded every
10 minutes.
Suspicious or outlying data points were removed before water use curves for users were subjected to clustering
analysis. Figs. 4-7 are water use curves for schools, hospitals, industrial and general service sectors.

8
percentage of water consumption(%)

Therefore, to reflect more accurately the real condition
of the pipelines, the pipeline friction coefficients were
measured [26]. The friction coefficients of representative
pipelines were merely measured, as it was impractical to
measure all the pipelines in the network. For the unmeasured pipelines, the friction coefficients were obtained by
gray system theory using the available data.

Data: Data1_B
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting:
y
No weighting
Chi^2/DoF
= 0.6662
R^2
= 0.51407
y0
4.75522
±0.29883
±1.01582
A1
-3.68328
±2.13138
t1
4.33089

7
6
5
4
3
2
1
0

0

2

4
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8

10 12 14 16 18 20 22 24
time(h)

FIGURE 4 - Variations of water use by the school sector in 24 hours

8
percentage of water consumption(%)

Placement year of pipeline

Data: Data1_B
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting:
y
No weighting
Chi^2/DoF
= 1.91745
R^2
= 0.67742
y0
5.56303± 0.50272
± 1.73698
A1
-8.83556
t1
4.28747± 1.49324

7
6
5
4
3
2
1
0

0

2

4

6

8

10 12 14 16 18 20 22 24
time(h)

FIGURE 5 - Variations of water use by the hospital sector in 24 hours
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pipes. This will lead to deviations in actual operations from
the designed specifications [27, 28]. Before the hydraulic
simulation, field measurements were conducted using the
three-point method, on the friction coefficients of fourteen
pipelines of various diameters and layering ages. The
measurement results of pipeline friction coefficients [29]
are listed in Table 3.
The variation of pipeline friction coefficient can be
considered as a gray system. The layering age of the pipeline is the principal influence factor for the variation, while
the pipeline diameter is the relevant factor. Thus, the pipeline friction coefficients can be estimated by gray mode
(GM). The GM (h,n) model established with h variables in
an n-order differential equation is expressed as:

percentage of water consumption(%)

8
Data: Data1_B
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting:
y
No weighting
Chi^2/DoF
= 2.36306
R^2 = 0.28018
y0
4.83857
± 0.56437
± 1.90821
A1
-4.19913
± 3.53205
t1
4.34526

7
6
5
4
3
2
1
0

0

2

4

6

8

10 12 14 16 18 20 22 24

n

 ai

time(h)
FIGURE 6 - Variations of water use
by the industrial sector in 24 hours

i 0

percentage of water consumption(%)

Data: Data1_B
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting:
y
No weighting
Chi^2/DoF
= 1.42181
R^2
= 0.15253
y0
4.40846
± 0.31785
A1
-2.924 ± 2.45147
± 2.68386
t1
2.45087

8
7
6
5
4
3
2
1
0

0

2

4

6

8

10

12

14

16

18

20

22

(1)

where X(1) is the sequence generated by the linear summation of initial sequences; h is the number of variables; n
is the order of the differential equation; ai and bi are the
model coefficients.
As a gray system, the variation of pipeline friction coefficients is related to the base number of the past. That is,
the variation of friction coefficient depends on the year of
layering and on the passage of time. A GM(1, 1) model of
friction coefficient and the year of layering can be established. The relationship between friction coefficient variation and pipeline diameter is static and independent of the
base number. Considering this, a GM(0, 2) model of pipeline friction coefficient and pipeline diameter was constructed. The formula for estimating the variation of friction coefficient by combined gray system method is written
as follows:

10
9

d n-i X 1(1) h1
  bi X i(11)
n -1
dt
i 1

24

time(h)
FIGURE 7 - Variations of water use
by the public bathing sector in 24 hours

C (0)  C1(0)  (1   )C2(0)
where C

2.2.2. Estimation of pipeline friction coefficients by gray system theory

Pipeline friction coefficient is one of the key parameters of hydraulic simulation of water supply networks. Water pipelines, after long-term use, undergo physical, chemical and biological reactions. As a result, the pipeline friction coefficient may be very different from that of the new

(0)

(0)
1

efficient; C

(2)

is the fitted value of pipeline friction co-

is the fitted value of pipeline friction coef(0)

ficient of the state model; C 2 is the fitted value of pipeline friction coefficient of the static model;  is an undermined coefficient.

TABLE 3 - Measured data of pipeline friction coefficients of Ma’anshan City’s water supply network

Year of layering
1965
1974
1984
1992
1993
1994
2000

200
53.90
66.28

300
63.55
75.23
85.35

Pipeline diameter /mm
400

87.56
89.72
90.64

83.76
80.12

500

99.98
94.56
99.31
116.23
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The model of the combined gray system method for
the estimation of pipeline friction coefficient is established
by the following formula based on the measured data:

C (Y , d )  64.963e0.01602（Y 1958） 0.003335d  23.366 (3)
where Y is the year of layering (a); d is pipeline diameter (mm).
The model was applied for the initial estimation of
pipeline friction coefficient. The maximum relative error
was found to be 1.90% by verification, and the mean relative error was 0.68%. The dynamic model satisfies the precision requirement of engineering.

qijSmall＝

where QSmall is the total water quantity consumed by
the small users in the jth period;  is the set of all pipe
sections; wm is the weight of user density at the mth pipe
section.
2.3.3. Calculation model of flow quantity of the leakage node

qijLeakge in Formula (4) is the flow quantity of the leakage node. See formula (7):

qijLeakge 

Nodal flow is another key parameter in the water supply network simulation, whose accuracy of estimation is
closely related to the precision of the entire model of the
network. Separate determinations of flow quantities by
large users, small users and leakage nodes were conducted.
The nodal flow quantities of the large users were estimated
from measured data and flow meter readings. By using the
distribution model for leaked pipeline flows, the flow (or
quantity) of the leaked pipelines was converted to nodal
flow quantity. The flow quantity of the small users, which
had a negligible influence on the network, was estimated
by the traditional flow quantity distribution measurement
method along the line [30-32].
The flow quantity qij of node i of the jth time period is
given by Formula (4):
(4)
qij  qijL arg e  qijSmall  qijLeakage
2.3.1. Calculation model for flow quantity of large user node

ers. See Formula (5):
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where Lik is the length of pipe section between nodes
i and k. H k and H i are the absolute water pressures of
nodes I and k, respectively; Z x is the elevation of the surface at x distance between pipe section between i and k
'
from node i.  ik and  ik are the specific leakage areas of
the first and second parts of the pipe section between nodes
i and k.

3. RESULTS
3.1. Model verification

qijLarge in Formula (4) is the flow quantity of large usK

(6)

m

2.3. Calculation model for nodal flow quantity

qijL arg e＝ hkj  (  Qkm 

QSmall
  ln wn
2  lm wm ni

(5)

where hkj is the time variant coefficient of the kth category of large users in the jth period, given by the flow quantity curve.  i is the set of all pipe sections connected to
node i. Qkm is the daily water quantity consumed by the
mth user of the kth category on all pipe sections, as read
monthly from the flow meter. Lkm is the length of pipe

By the above-mentioned procedures, the water supply
network was modeled dynamically. Dismatches between
the model and the simulation often occurred. Therefore, the
following verification model was constructed and solved it
by an optimization algorithm. In order to obtain the most
perfect accuracy of the verification model, the sum of the
difference between pressure values monitored and calculated and the difference between flow quantity values monitored and calculated should be minimized by adjusting the
friction coefficients and nodal flow quantities slightly under the condition of multi-working conditions.

section corresponding to the mth user of the kth category on
all pipe sections; Lkmi is the length of pipe section from
the mth user of the kth category to the node i.
2.3.2. Calculation model for flow quantity at a small user node

qijSmall in Formula (4) is the flow quantity of small
users. See Formula (6):
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f i   Rij | H i  H j | 0.54 sgn( H i  H j )  q i  0 (9),
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where qi  f (  , , h, w)

 min     max
 min     max
hmin  h  hmax
wmin  w  wmax
C min  C  C max

D1  D2  1 ； 1i is the weight coefficient of
the importance of the ith pressure measuring point, i  1 ;
 2 j is the weight coefficient of the importance of the ith

with different trajectories, and then transfer the l chaotic
variables xn , i to the value ranges of the l optimal variables
by carrier to form chaotic variables xxn, i, respectively. Each
fixed n, xxn, i [ xxn, 1, xxn, 2, xxn, 3, …, xxn, i] represents a feasible solution in floating point number form. For each feasible solution, to calculate the fitness value, and to form the
initial population through the former N personality with
better feasible solution, and then finish the binary coding
for each individual of initial population, as shown in formula (12).

where

flow quantity measuring point, j   2 ; n, m are the numbers of pressure and flow quantity measuring points, re0

spectively; H ti , H ti are the value calculated by model and
the value monitored at the ith pressure measuring point un0

der the tth working condition, respectively; Qtj , Qtj are the
value calculated by model and the value monitored at the
jth flow quantity measuring point under the tth working condition, respectively;  1i is the weight coefficient of the importance of the ith modified pipeline friction coefficient,
i  1 ;  2 j is the weight coefficient of the importance of
the jth nodal flow quantity, j   2 ; r, s are the numbers
of modified C and q values, respectively; K is the number
of working condition to be verified; C i is the modified fric0

tion coefficient; C is the initial value of friction coeffi0

cient C; q j is the modified nodal flow quantity; q is the
initial value of nodal flow quantity;

 is the leakage index;

 is the specific leakage area; h is the time variant coefficient of large users; w is the density of small users.
The COA and GA were first combined and then coupled to the DFP to solve the verification model. The model
results of friction coefficient and nodal flow quantity were
verified. This hybrid algorithm coupled with the chaos optimization strategy and with the DFP algorithm that has
high local optimization efficiency can overcome the defect
of easy degradation of the good populations in the genetic
algorithm alone [33-35]. The hybrid algorithm was carried
out following the basic steps below.
(1) To determine fitness value f of the objective function, then set value ranges of the l variables [ ai , bi ], population size m, attractor i of chaos operator, exchange rate
P1 and P2 between the parents, and the mutation rate Pm of
filial generations.
(2) To give the l initial values of x0 , i,( i =1, 2, …, l ) to
xn shown in Logistic mapping in formula (11), respectively,
then to generate l chaotic variables { xn , i , ( i =1, 2, …, l )}

xi+1 =f(， xi ) = xi (1-xi ) ( i =0, 1, 2, …)

(11)

xxi = ci + dixi (di =bi - ai , ci = ai)

(12)

(3) There are two sources where current individuals
come from. Individuals with large fitness values in previous generation come into current generation directly without participating in the operations of reproduction, crossover and mutation; meanwhile, the rest of the group will be
generated by the three kinds of operations mentioned
above.
(4) To calculate the replication probability Pi of each
individual, then each individual in the group is selected to
act as parents based on the replication probability Pi. The
selected individuals are made to form pairs randomly, and
the filial generation is generated through the operations of
reproduction, crossover and mutation.
(5) To calculate the fitness value of the newly generated filial generation, then queue the individuals in the order from large to small with the individuals in the last generation together. The 90% genes with small fitness value in
current generation are solved in the chaos optimization algorithm. Calculate the fitness value of newly generated filial generation and queuing is conducted again, the first N
individuals of which are selected to form a new group.
(6) If maximum algebraic achieved or secondary satisfactory solution got, then the optimization process is ended,
otherwise return to step (3).
(7) The secondary satisfactory solution got in step (6)
is used as the initial value of the variable metric algorithm
to continue the optimization process until the final results
are found.
In this process, the weak abilities of local searching of
genetic algorithm and chaos optimization algorithm can be
effectively strengthened by the variable metric algorithm.
The relationship between fitness value and genetic algebra in hybrid algorithm was shown in Fig. 8. As shown
in this figure, when the calculation basically reached the
steady state in hybrid algorithm, the genetic algebra is approximately 60. The trial results showed that the average
computation time was 3210 seconds.
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FIGURE 8 - Relationship between fitness value and genetic algebra
in hybrid algorithm

In contrast, the relationship between fitness value and
genetic algebra in genetic algorithm was shown in Fig. 9.
As seen in this figure, when the calculation basically
reached the steady state in genetic algorithm, the genetic
algebra is approximately over 150. The trial results showed
that the average computation time was 4640 seconds,
which was relatively long time for the calculation of the
dynamic model of water supply network.
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FIGURE 9 - Relationship between fitness value and genetic algebra
in genetic algorithm

The optimal calculated values of pipeline friction coefficient and nodal flow quantity were obtained by solving
the verification model. Comparing these values with the
monitored data at the pressure and flow quantity measuring
points, good agreement was found between the simulation
results and the actual measurements. The model precision
was high (Table 4 and 5).

TABLE 4 - Verification results of pressure calculated by the model

Absolute error/m

≤±1.0

≤±1.5

≤±2.0

≤±2.5

Guaranteed rate/%

84.62

92.31

92.31

100.00

TABLE 5 - Verification results of flow quantity calculated by the model

Absolute error/(L/s)
Guaranteed rate/%

≤±5
86.67

M onitored value

40

≤±10
93.33

C alculated value

Error value

≤±20
100.00
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FIGURE 10 - Calculated and monitored values of pressure at
Huashan Water Factory
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FIGURE 11 - Calculated and monitored values of pressure at Caishi
Water Factory
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FIGURE 12 - Calculated and monitored values of pressure at Cihu
Water Factory
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FIGURE 13 - Calculated and monitored values of pressure at Zhenzhuyuan measuring point
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FIGURE 15 - Calculated and monitored values of flow quantity at
Huashan Water Factory
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FIGURE 16 - Calculated and monitored values of flow quantity at
Caishi Water Factory
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FIGURE 17 - Calculated and monitored values of flow quantity at
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The comparisons of the calculated and monitored values of pressure are shown in Figs. 10-14. The calculated and
monitored values of flow quantity are seen in Figs. 15-17.
3.2. Model application

The dynamic model was applied to analyze the working condition of Ma’anshan City’s water supply network.
The results indicated several pipe sections with abnormally
high or low pressures. For example, the pressure of DN400
pipe section of Jiefang Road was higher than normal because of large water consumption caused by the gradually
growing population in the commercial street. However, the
pipeline has not been rebuilt. As another example, the pressure of DN400 pipe section of Huayuan Road was much
lower than normal. The examination results on this road
showed that, some valves on this newly laid section was
not completely open, which limited the normal supply capacity of this pipeline. Such findings should be considered
when optimizing the transmission scheduling of the water
supply network. In addition, Ma’anshan City is experiencing a rapid population growth currently and the reconstruction planning of Ma’anshan City’s water supply network is
underway. According to the plan, Huashan Water Factory
would stop operation and the whole urban water supply
network would be reconstructed. As shown in Fig. 18, the
simulation with the dynamic model yielded the optimized
scope of water supply of each water factory. Apart from
this, the water supply burdens at various sites of the network can be estimated. The simulation results can be used
as the reference for reconstruction.

4. CONCLUSIONS
In this study, a dynamic model of Ma’anshan City’s
water supply network consisting of 3 water factories, 977
pipe sections and 863 nodes was established. The friction
coefficients of the unmeasured pipelines were estimated by
gray system theory, and then water use by large users was
fitted on the basis of the obtained data. After that, by combining the chaos optimization algorithm, genetic algorithm
and DFP algorithm, the verification model was solved with
a higher verification efficiency and precision and the precision of the model satisfies engineering requirements. The
model was applied to simulate the current working condition of Ma’anshan City’s water supply network. The
DN400 pipe section of Jiefang Road and DN400 pipe section of Huayuan Road were identified to have abnormally
high and low pressures, respectively. The reconstruction
planning of the water supply network was also performed
with the aid of the model. The scope of water supply of
each water factory was delineated. Thus, the practicability
of the model is further proved. Furthermore, dynamic modeling of water supply network in Ma’anshan City offered
an excellent example for the water supply network modeling in other cities, which can improve the security and economical efficiency of the network.
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THE EFFECT OF SULPHUR AND POTASSIUM FERTILISATION
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1. INTRODUCTION

ABSTRACT
Sulphur plays an important role in metabolism of all
living organisms influencing their proper growth and development, and its role in the nitrogen fixation process by
nodule bacteria has been already pointed out by many authors. According to the Washington World Institute of Sulphur, there is a real risk of soil sulphur deficiency, which
could be a limiting factor of the global food safety. Positive
interaction of sulphur with potassium was previously noted
in relation to higher plant growth and development. However, there is still lack of investigations concerning on effects of various sulphur and potassium fertilisation on nitrogenase activity of Fabaceae plants, like broad bean. The
aim of the present study was to assess the effects of increasing potassium and sulphur fertilisation in a broad bean culture on the variability in the microbial composition of soil,
i.e. total number of bacteria, fungi, actinobacteria, oligotrophs and copiotrophs, as well as the enzymatic activity
of dehydrogenases, acid phosphatase and nitrogenase of
bacteria in symbiosis with the broad bean.
Potassium fertilisation increased the number of soil microorganisms; however, supplementary sulphur fertilisation
did not promote development of microorganisms. Applied
fertilisation resulted in increasing enzymatic activity of dehydrogenases, while that of acid phosphatase was lower,
when potassium fertilisation was applied at 80 and 160 kg
ha-1 and sulphur fertilisation at 25 and 50 kg·ha-1.
An enhance in nitrogenase activity was observed at increasing levels of sulphur fertilisation and the absence of
potassium fertilisation, as well as under the opposite fertilisation scheme whereas potassium fertilisation with higher
sulphur doses caused reduction of nitrogenase activity.
KEYWORDS: Broad bean, sulphur and potassium fertilisation, soil,
nitrogenase and microbial activity

* Corresponding author

In order to obtain improved and more reliable yield, it
is necessary to supply crops with adequate amounts of nutrients. Recently, a considerable reduction of available sulphur contents in soil has been observed. Many investigators pointed out that deficiency of sulphur in crop production in Europe is a main problem of recent agriculture [1].
According to the Washington World Institute of Sulphur,
there is a real risk of soil sulphur deficiency, which could
be a limiting factor of the global food safety [2].
Sulphur plays an important role in the metabolism of all
living organisms influencing their proper growth and development. It is a constituent of amino acids, sulpholipids, vitamins and reduction systems. Well-known is the role of sulphur in the nitrogen fixation process by nodule bacteria [3],
controlling it as constituent of ferrodoxin and nitrogenase.
Recently, investigations concerning limitation and prevention against sulphur deficiency are mainly focused on
plant species with high sulphur requirements. This is especially valid for plants belonging to Brassicaceae and Liliaceae families [4]. There is a small amount of investigations
concerning Fabaceae [5], Poaceae [6], and other crops [7].
On the other side, the levels of crops yield are connected to relations between certain fertiliser compounds.
The highest number of investigations were already done for
interactions between sulphur and nitrogen [8]. Moreover,
positive interaction of sulphur with potassium was also
noted in relation to higher plant growth and development.
However, there is still a lack of investigation about the effects of various sulphur and potassium fertilisation practices on nitrogenase activity of Fabaceae plants, like broad
bean.
Fabaceae may respond negatively to sulphur deficit in
soil, which is connected with disturbances in nitrogen assimilation [9].
Potassium is another element of great importance in
plant nutrition. Increasing potassium concentration in soil
enhanced plant organs growth as well as the number and
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weight of nodules, which, in turn, affects nitrogen assimilation [10]. This is probably connected with the indirect action of potassium on the process of photosynthesis and protein biosynthesis. Monitoring of the pedosphere using
methods based on enzymatic tests and changes in the number of selected soil microorganisms indicated the changes
in the environment as a result of various fertilisation [11].
Soil microorganisms constitute a large dynamic source
and sink of nutrients in all ecosystems, and play a major role
in nutrient cycling [12], soil structure [13], reduction in phytopathogens, and other alterations in soil properties influencing plant growth and development. Differences in microbial
characteristics and their properties are restricted to general
ecological enumerations which are limited in their ability to
perform adequately in a stressed ecosystem. The microorganisms are responsible for cycling nutrients, such as N, P,
K, and S, and making them available to plants [14].
The aim of this study was to determine the effects of
varied potassium and sulphur fertilisation on microbial activity of soil cultivated with broad bean (Vicia faba L.) as
well as the nitrogenase activity of bacteria in symbiosis
with the test plant. For the above-mentioned purposes, the
numbers of total bacteria, oligotrophs, copiotrophs, actinobacteria, and fungi were chosen, due to their high role in
ecological balance of the soil.

In 2010, the presented investigations were carried out
on plots of the Teaching Agricultural Station of the Poznań
University of Life Sciences, located in Brody, Poland (N
5225’ ; E 1617’).
Soil of experimental plots, according to the FAO/WRB
classification [15], was a typical lessive soil formed from
light loamy sands, deposited in a shallow layer on light
loam (haplic luvisols). Broad bean was cultivated after
winter wheat on the field, where different systems of potassium fertilisation have been conducted since 1991, according to nutrition requirements of crop species in plant
rotation (data not shown). Before sowing of the broad bean,
topsoil varied significantly in available potassium level,
from low (K0) to high content (K100). Moreover, the topsoil
was characterized by a slightly acidic soil reaction (pH), a
higher level of available forms of P, and mean levels of SSO4 and Mg (Table 1).
TABLE 1 - Chemical properties of topsoil (0 – 30 cm) in spring 2010,
before potassium and sulphur fertilisation.

pH 1)

The climate of the region is modified by the inflow of
air masses from the Atlantic Ocean, Eastern Europe and
Asia, which contributes to a high variability of weather
conditions. Mean temperature from multiannual periods
for January is around -1.6 °C, while for July it is 18.1 °C.
The experimental site was located in the zone of lowest
precipitation for Poland, where multiannual means are
around 500–600 mm, and mean values from observations
covering periods of many years for this experimental plot
were 598.7 mm.
TABLE 2 Current fertilisation of K and S in individual experimental
plots.

2. MATERIALS AND METHODS

P 2)
K 2)
S-SO4 3)
Mg 4)
mg kg-1
mg kg-1
mg kg-1
kg ha-1
K0
5.9
96.5
93.0
13.6
4.32
K25
6.0
96.9
123.9
12.2
4.68
K50
5.7
100.6
136.8
15.4
4.69
K100
6.0
97.3
155.1
13.9
4.87
Methods: 1) 1 M KCl (1:2.5 m/v ratio; Van Lierop [16]); 2) available form of
P and K (calcium lactate – HCl, pH 3.5, Fotyma and Dobers [17]; 3) available
form of S (2% CH3COOH, 1:10 m/v, Johnson and Fixen [18]; 4) available
form of Mg (0.0125 M CaCl2, 1:10 m/v, Fotyma and Dobers, [17]).
K-treatment

The experiments were carried out in randomized block
design with 4 replications, examining potassium (1) and
sulphur (2) current fertilisation. The distribution of fertiliser rates is presented in Table 2. K100 treatments represented 100% of the potassium nutritional requirements of
broad bean (for the yield of 4 t dry matter ha-1, i.e.160 kg
ha-1). Seeds of broad bean (Vicia faba L.) cv. Bachus were
sown at experimental plots of 22.4 m2. The whole design
comprised 48 plots. Potassium was applied as muriate of
potash (60% K2O), and sulphur as Wigor S 90 fertiliser,
containing elementary sulphur (So). Fertilizers were applied two weeks before broad bean sowing. In the experiments, nitrogen fertilisers were not applied. The other agricultural measures were performed in accordance with the
principles of good farming practice for broad bean.

Denotation (letters)
K0S0
K0S25
K0S50
K25S0
K25S25
K25S50
K50S0
K50S25
K50S50
K100S0
K100S25
K100S50

Rate in kg ha-1
K2O = 0 kg, S = 0 kg
K2O = 0 kg, S = 25 kg
K2O = 0 kg, S = 50 kg
K2O = 40 kg, S = 0 kg
K2O = 40 kg, S = 25 kg
K2O = 40 kg, S = 50 kg
K2O = 80 kg, S = 0 kg
K2O = 80 kg, S = 25 kg
K2O = 80 kg, S = 50 kg
K2O = 160 kg, S = 0 kg
K2O = 160 kg, S = 25 kg
K2O = 160 kg, S = 50 kg

2.1 Nitrogenase activity

Nitrogenase activity was determined by the acetylene
reduction assay (ARA) at the beginning of flowering
(BBCH – 61-63) [19]. The plants with roots were put into
tightly sealed test vials (2000 ml), and purified C2H2 was
injected to obtain an acetylene concentration of 10% (v/v)
in the gas phase (air). After 1 h, 1 ml of the gas phase was
taken from the inside of test vessels with a Hamilton gastight syringe and stored in small glass vials, which were
sealed with rubber septa and aluminium caps. Ethylene concentration was determined using a CHROM 5 gas chromatograph. The activity of nitrogenase was determined on the basis of the quantity of acetylene reduced to ethylene, and expressed in nM C2H4 produced per hour per plant. Results are
means from 4 replications from each measurement.
Soil samples for microbiological and biochemical
analyses were collected at two dates: 1) date I – before
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plant emergence (BBCH - 0), before the application of potassium and sulphur mineral fertilisation (4 soil samples),
and 2) date II – at the beginning of plant flowering (BBCH
– 61-63).

ability level α = 0.05 was additionally performed to compare mean values, and presented in the tables and graphs
with different letter symbols. Data analysis was performed
using the statistical package STATISTICA 9.

2.2 Microbiological analyses

In soil samples taken from underneath the plants, interrows and depth of 15-20 cm, the number of microorganisms was determined by the plate method according to
Koch on adequate agar substrates (in 5 replications). The
mean number was converted into soil dry matter (d.m.): 1)
total number of bacteria was determined in a soil extract
medium after 14-days incubation at 25 °C, 2) fungi were
determined on Martin medium [20] after 5-days incubation
at 25 °C, 3) actinobacteria were determined on Pochon medium [21] after 5-days incubation at 25 °C, 4) copiotrophs
were determined on NB (nutritive broth) medium [22] after
5-days incubation at 25 °C, and 5) oligotrophs were determined on DNB (diluted nutritive broth) medium [22] after
5-days incubation at 25 °C. All groups of microorganisms
are experessed in colony forming units (cfu · g-1 d.m. soil).
2.3 Enzymatic analyses

Enzymatic activity of soil fertilised with varying rates
of nitrogen was analysed based on dehydrogenases activity
determined by colorimetry using 1% TTC (triphenyltetrazolium chloride) as a substrate after 24h incubation at 30
°C at a wavelength of 485 nm, and it was expressed in
mmol triphenyl formazone (TPF)· kg-1·24 h-1 [23]. Acid
phosphatase was determined by spectrophotometry [24],
using sodium p-nitrophenylphosphate (PNP) as a substrate
after 1-h incubation at 37 °C, at 400 nm with a Novospac
spectrophotometer, and it was expressed in mmol PNP · g-1
soil matter · h-1.
One-way and two-way ANOVA were carried out to
determine the effects of potassium (K) and sulphur fertilisation (S), as well as interaction K × S. For the F-test showing significant differences, Tukey's test (HSD) at the prob-

3. RESULTS AND DISCUSSION
Analyses showed that mineral fertilisation has huge effects on crop yielding and the fluctuations in the number of
microorganisms [25]. In the functioning of an ecosystem,
such as a soil, a key role is played by microorganisms [26],
which control the reactions responsible for the maintenance of soil fertility and structure.
Each change of ecological factors disturbs the equilibrium, in which numerous populations of soil microorganisms live. Individual units are interdependent for their development. The plant is one of the partners in this system.
Successive development phases in the vegetation period influence traits of communities of microorganisms coexisting with the plant [27].
In this experiment, it was shown that the amounts of
applied potassium and sulphur fertiliser had an effect on
changes in the number of individual groups of microorganisms, i.e. total numbers of bacteria, fungi, copiotrophs, oligotrophs and actinobacteria, as well as enzymatic activity
of dehydrogenases and acid phosphatase.
At the first date one-way ANOVA revealed highly significant effects of K content in soil on the number of total
bacteria, ologotrophic bacteria, copiotrophic bacteria and
fungi in the soil. A significant differences were noted between the level of K in soil concerning the number of the
above mentioned groups, excluding fungi. This nutrient at
the levels K50 and K100 caused an increase in the number of
copiotrophs, oligotrophs and actinobacteria in relation to
the control plots K0. Such a response was not observed in
the case of fungi; their greatest number was recorded on
plots lacking potassium fertilisation (Table 3).

TABLE 3 - The effect of K fertilisation on certain microbiological parameters (means ±SE) and one-way ANOVA results with significance level
for the first term. Different letters denote statistically significant differences between mean values in regard to certain parameters at α≤0.05.

Parameter
Total bacteria
Oligotrophs
Copiotrophis
Fungi
Actinobacteria
Dehydrogenases
Acid phosphatase

F statistics
significance level
144.312
P ≤0.001
348.48
P ≤0.001
116.32
P ≤0.001
8.174
P=0.008
4.374
P = 0.042
0.712
P = 0.057
5.970
P = 0.019

K fertilisation level
K 25
K 50
15.7a
51.3d
±1.155
±1.732
64.2b
102.3d
±1.156
±2.313
22.4b
24.6c
±0.649
±0.409
1.1b
1.2b
±0.0577
±0.086
80.5a
102.6b
±1.155
±7.506
0.021d
0.017c
±0.002
±0.001
0.324a
0.353b
±0.018
±0.005

K0
18.2b
±0.577
42.4a
±0.577
11.2a
±0.608
1.5a
±0.058
84.4a
±2.887
0.005a
±0.001
0.427d
±0.019
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K100
36.2c
±1.739
95.3c
±1.384
50.2d
±2.892
1.1b
±0.060
99.4b
±6.566
0.007b
±0.000
0.375c
±0.023
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One-way ANOVA for biochemical analyses of soils
performed at the same date showed the lack of significant
effects on dehydrogenases activity, and lower level of significance on acid phosphatase. An increase of dehydrogenases activity was noted in K25 and K50 fertilizer level, while
activity of phosphatases was highest in control plants (Table 3). This could have been caused by the early sampling
date. After winter, soil did not return yet to its original activity and microbial metabolic process were not completely
initiated. Analyses showed the greatest activity of soil enzymes, including acid phosphatase and dehydrogenases, in
the flowering period [28].
Two-way ANOVA with term and K and S fertilization
level-fixed factors revealed highly significant effects of
both factors on all measured parameters (Table 4). At the
second date of soil sample collection, during the broad
bean flowering period, the number of soil microorganisms
increased and it differed significantly in comparison to the
control. A statistically significant effect of sulphur fertilisation on the total number of bacteria was observed. Almost in every potassium combination, the highest value was

noted with S at a level 50 kg·ha-1, excluding K25, where a
similar level was recorded for S 25 and 50 kg·ha-1 (Fig. 1).
A high number of oligotrophs was recorded at varied potassium rates amounting to 40, 80 and 160 kg·ha-1, and a lack
of elementary sulphur fertilisation. A supplementary elementary sulphur rate of 25 kg·ha-1 at the above-mentioned levels
of potassium fertilisation caused a decrease in their numbers,
on average by 40%, while sulphur applied at 50 kg·ha-1 contributed to an increase in the number of oligotrophs, especially in relation to the control K0S0 (Fig. 2).
In the block with deficit of potassium (K0), the number
of analysed copiotrophs in soil showed a highly statistically
significant increase in the counts of these microorganisms,
as a result of sulphur fertilisation at 50 kg·ha-1. In block III,
at potassium fertilisation of 80 kg ha-1 and an increasing sulphur fertilisation amounting to 25 and 50 kg·ha-1, a significant
reduction was observed for this group of bacteria. Copiotrophs comprise a group of microorganisms, which intensively grow after supplementation of the soil medium
with organic matter. It results from studies conducted by
Niewiadomska et al. [29] that the most efficient nutrient

TABLE 4 - Two-way ANOVA and significance level of selected groups of microorganisms and soil enzyme activities with term and fertilisation
level as fixed factors.
Parameter
Total bacteria
Oligotrophs
Copiotrophs
Fungi
Actinobacteria
Dehydrogenases
Acid phosphatase

Term
319.41
P ≤0.001
9996.17
P ≤0.001
88.177
P ≤0.001
630.288
P ≤0.001
10290.39
P ≤0.001
1002.391
P ≤0.001
214.2884
P ≤0.001

Fertilizer level
171.29
P ≤0.001
104.63
P ≤0.001
141.594
P ≤0.001
9.068
P ≤0.001
241.41
P ≤0.001
5.409
P ≤0.001
5,246
P ≤0.001

Interaction: term x fertilizer level
74.90
P ≤0.001
70.80
P ≤0.001
101.623
P ≤0.001
9.756
P ≤0.001
241.35
P ≤0.001
5.419
P ≤0.001
2.3609
P = 0.020

FIGURE 1 – The effect of K and S fertilisation on the total number of bacteria (means ± SE). Different letters denote significance level at α ≤ 0.05
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FIGURE 2 - The effect of K and S fertilisation on the number of oligotrophic bacteria (means ± SE). Different letters denote significance level
at α ≤0.05.

FIGURE 3 - The effect of K and S fertilisation on the number of copiotrophic bacteria (means ± SE). Different letters denote significance
level at α ≤0.05.

FIGURE 4 - The effect of K and S fertilisation on the number of fungi (means ± SE). Different letters denote significance level at α ≤0.05.
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uptake by these bacteria occurs a short time after their introduction to the environment. As a result of nutrient depletion, their counts are reduced. Moreover, a lower number of copiotrophic bacteria could have been caused also
by an increased number of fungi (Fig. 4), which are pioneers in the decomposition of organic matter and respond
positively to fertilisation with elementary sulphur. Furczak
and Turska [27] found diverse dynamics of microbiological changes, confirming our findings for the whole vegetation period.
Results presented in Fig. 4 show that the number of
fungi in soil fluctuated depending on the amount of introduced potassium and sulphur fertiliser. At a lack of potassium fertilisation and an increasing sulphur fertilisation
(block I), their greatest number was recorded in the control
K0S0 whereas fungal counts were observed to increase in
successive combinations at increasing levels of potassium
fertilisation amounting to 80 and 160 kg ha-1, and rates of
sulphur at 25 and 50 kg ha-1, respectively. A study by
Kulczycki et al. [30] showed that fertilisation with elementary sulphur did not cause a reduction of fungal population
in soil. Moreover, Wen [31] was of the opinion that fertilisation with elementary sulphur contributed to a gradual release of sulphates thus leading to safe absorption of sulphur
compounds by fungal hyphae and to their growth. When
applying the highest rates of potassium (160 kg·ha-1) and
sulphur (50 kg·ha-1), a negative effect on counts of fungi
was observed (Fig. 4). Such a phenomenon could have
been also caused by the fact, mentioned by Skwierawska
[32], which showed that the application of high sulphur
rates contributes to a reduction of available potassium content in upper soil layers of 0-40 cm, and a disturbance of
biological equilibrium of the environment. On the other
hand, higher rates of potassium may limit counts of fungi.
The greatest numbers of fungi develop at potassium fertilisation of 80 kg·ha-1. It was also previously found that a

higher potassium rate of 160 kg·ha-1 stimulates growth of
fungi from the genus Alternaria, reducing growth of other
soil species [33].
In studies on changes of actinobacterial numbers in
soil at mineral potassium and sulphur fertilisation, a statistically significant effect of such a fertilisation was observed, along with a certain repeatability. The addition of
sulphur fertiliser caused a statistically significant reduction
of counts for this microbial group. The higher the sulphur
fertiliser rate, the greater was the decrease (Fig. 5). The size
of actinobacterial population depends on the soil type, pH
and weather conditions. These microorganisms, although
showing greater tolerance to overdriving, have a higher
water requirement than e.g. fungi.
The conditions of the soil medium, in which different
levels of mineral fertilisation with potassium and sulphur
were applied, were evaluated by analysing enzyme activity. Assay of dehydrogenases activity in soil is an indicator
of the intensity of respiration metabolism of soil microorganisms, mainly bacteria and actinobacteria. A statistically
significant effect on dehydrogenase activity was found for
potassium and sulphur fertilisation. Dehydrogenases activities increased in all the variants in relation to control
(K0S0) when fertilisation was applied (Fig. 6). The greatest
activity of this enzyme in relation to control (K0S0) was
recorded at 80 and 160 kg ha-1 potassium and 50 kg·ha-1
sulphur. As it was shown in Jezierska-Tys [34], supplementary sulphur application results in an increased activity of
soil dehydrogenases. This is caused by the utilisation of nutrients contained in the rhizosphere of the test plant by soil
microorganisms. An increase in the intensity of dehydrogenase activity, as shown in a study by Błońska [35], is influenced by sulphur, iron oxide, manganese oxide, phosphates and chlorides, while the concentrations of nitrates
and iron have an inhibitory effect on this enzyme. Similar
dependencies were also observed by Brzezińska et al. [36]

FIGURE 4 - The effect of K and S fertilisation on the number of actinobacteria (means ± SE). Different letters denote significance level at α
≤0.05.

728

© by PSP Volume 24 – No 3. 2015

Fresenius Environmental Bulletin

FIGURE 6 - The effect of K and S fertilisation on the activity of dehydrogenases (means ± SE). Different letters denote significance level at α
≤0.05.

FIGURE 7 - The effect of K and S fertilisation on the activity of acid phosphatases (means ± SE). Different letters denote significance level at
α ≤0.05.

explaining the dependence of an increase in dehydrogenase
activity with an increase in sulphur fertiliser rates.
Analyses of acid phosphatase activity showed that it
was always lower in the variants with potassium fertilisation at 80 and 160 kg·ha-1 and simultaneous sulphur fertilisation at 25 and 50 kg·ha-1, respectively (Fig. 7), indicating
adequate phosphorus nutrition in the test plant, i.e. broad
bean. When determining acid phosphatase activity in soil,
we need to remember that the amount of this enzyme in the
soil medium is influenced by the plant roots exudating considerable amounts of this enzyme, particularly at phospho-

rus deficit [37]. The high concentration of acid phosphatase
in the control variants K50S0 and K100S0, in comparison to
variants K50S25 and K50S50 as well as K100S25 and K100S50,
could have been the response of plants to phosphorus deficit in the environment. Many authors stress the fact that, at
a deficit of available phosphorus in soil, plant roots exudate
greater amounts of phosphatase catalysing hydrolysis of
the C-O-P bond in organic phosphorus compounds [38].
The nitrogenase activity in nodule bacteria in symbiosis with broad bean was an additional aspect in studies on
the effect of mineral fertilisation with potassium and sul-
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FIGURE 8 - The effect of K and S fertilisation on the activity on nitrogenase activity (means ± SE). Different letters denote significance level
at α ≤0.05.

phur. Recorded results showed statistically significant differences in this respect. The application of only sulphur fertiliser stimulated nitrogenase activity (Fig. 8). As a result
of sulphur, only the activity of this enzyme was two-fold
higher in relation to the control at a fertilisation rate of
25 kg·ha-1 but three-fold higher at a rate of 50 kg·ha-1 in
relation to K0S0. Similar results were reported by Zhao et
al. [39], who showed a two times greater nitrogen assimilation rate in a pea culture when adequate sulphur amounts
were applied. They also showed that at a deficit of sulphur
nodules of broad bean plants are smaller and scarcer. Moreover, they found that sulphur is essential in the activity
of nitrogenase and ferrodoxin, since both enzymes have
Fe-S bonds. Potassium fertilisation at rates of 40, 80 and
160 kg·ha-1 (K25, K50 and K100, respectively) had a significant stimulatory effect on nitrogenase activity whereas increasing rates of sulphur, introduced at the same time with
potassium, reduced activity of this enzyme, although it was
still higher than in the control (Fig. 8). The reduced nitrogenase activity may be caused by the increased amount of
the available nitrogen form N-NH4 at increasing rates of
fertilisation with elementary sulphur. In this way, plants
have a ready and increased access to soil nitrogen, and thus,
less intensively absorb this element from air through nodule bacteria. Excessive amounts of readily available nitrogen limit the nitrogenase activity due to the inhibitory effect on nodulation.
Moreover, when increasing sulphur rates to 50 kg·ha-1
and simultaneously that of potassium fertilisation, a reduction of the nitrogenase activity could have also resulted
from the adverse effect of excessive sulphur fertilisation on
the amount of available potassium in soil. Despite the limiting effect of sulphur fertilisation on the content of available potassium in soil, its fertilisation significantly enhanced the nitrogen fixation process. This results from the
fact that potassium is an essential element in many meta-

bolic pathways, as well as an activator of many enzymes;
without it, adequate growth would be impossible. Potassium closely cooperates with nitrogen; thus, this element is
considered to be necessary for the assimilation of nitrogen
by broad bean plants.
Sulphur is known to interact with almost all essential
macronutrients i.e. potassium, secondary nutrients, and micronutrients. These interactions can either enhance or reduce growth and yield of crops by influencing the nutrient
uptake and utilization. Better understanding of these relationships can lead to more efficient crop production, higher
yields, improved crop quality, and harvestibility [40].
4. CONCLUSIONS
The fertilisation experiment has shown the following
significant tendencies:
1. Sulphur fertilisation at simultaneous potassium fertilisation contributed to an increase in counts of fungi,
while in the case of actinobacteria and copiotrophs, an opposite effect was observed.
2. An increase in potassium and sulphur fertilisation
rates had a positive effect on enzymatic activity of dehydrogenases.
3. In analyses of acid phosphatase activity, influenced by
increased potassium fertilisation rates of 80 and 160 kg·ha-1
with increasing sulphur rates, this activity was found to decrease, which indicates proper phosphorus nutrition of
plants.
4. Applied fertilisation also had a significant effect on
the nitrogenase activity in nodule bacteria.
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ABSTRACT
This study was conducted to monitor carbosulfan carbamate pesticide residues in tomato juice in Jordan. Additionally, the effect of ozonation at 0.4 ppm, UV-radiation
at 254 nm and heat treatment above 100 o C on carbosulfan
residues of spiked tomato juice was studied. Ozonation of
spiked tomato juice with carbosulfan at 0.4 ppm was found
to be the most effective treatment. Complete degradation
of carbosulfan was achieved after 30 min of ozone treatment, while the reduction percentages of carbosulfan after
UV-radiation treatment for 30 min was 2.16%. On the
other hand, heat treatment above 100 o C for 30 min led to
reduction percentages of 100% of the pesticide residues.
However, the reduction percentages of the studied carbamate residues were increased with increasing time of exposure. Carbosulfan reduction percentage did not go beyond
2.16% after 30 min. Furthermore, ozonation and heat treatment degrade this pesticide completely after 15 and 30 min,
respectively.

KEYWORDS:
Pesticide, Ozonation, UV- Radiation, Heat, Tomato.

1. INTRODUCTION
Tomato is one of the most common agricultural products in Jordan. It is the main component for several dishes
in the Jordanian people diet. Around 129.45 Km2 planted
with tomatoes in open fields and plastic houses by the year
of 2011 to produce 777820400 Kg of tomatoes for local use
and exportation [1]. In 2010, the per capita consumption of
tomato fruits in Jordan was about 56 kg/year. In addition,
Jordan produced 2310000 Kg of tomato processed products
like; tomato paste, tomato soup, tomato juice, and ketchup.
The total produced and consumed amount in local market is
6181000 Kg/year. Furthermore, the per capita consumption of
processed tomato products was about 1 kg/year [2].
* Corresponding author

Agricultural activities are closely associated with intensive use of pesticides to control plant pests and to increase the yield of cultivated areas. Tomatoes have been
treated intensively with pesticides to control pests especially Tuta absoluta, aphids, thrips, two – spotted spider
mite and whitefly. However, many of these pesticides are
used in large quantities. Carbamate was found to be an effective group of pesticides to control plant pests by contact
or systemically. In addition, this group does not persist for
a long time in the environment in comparison with organochlorinated pesticides [3]. The total imported amount of
carbamate pesticides in 2011 were 47799.9 kg and 28694.5
liters. In addition, 10081 kg were produced locally to be
used as insecticides, acaricides, nematicides, and fungicides [4].
Food and Agricultural Organization (FAO) database
showed that in 2007 around 129130, 1234000, 549000,
1000 and 426000 Kg of carbamate pesticides were used in
Germany, France, Japan, Bahrain and Saudi Arabia, respectively [5]. Carbamate pesticides are classified by the
Environmental Protection Agency (EPA) from moderate to
highly toxic for humans. They affect the nervous system,
which lead to acute toxicity, because they inhabit acetylcholinesterase enzyme (AChE), which regulates acetylcholine (ACh) neurotransmitter [6]. On the other hand, some
oxime carbamate pesticides of the same carbosulfan family
have a very high decomposition temperature up to 162 oC
and 192 oC for oxamyl and methomyl, respectively [7, 8]
Monitoring of carbamate residues becomes a compulsory issue all over the world to protect consumer health,
and to minimize the consumer exposure to the harmful and
unnecessary intakes of pesticides. Many international organization established database for the maximum residue
limits (MRL) based on allowable daily intake (ADI) in different commodities like, Codex Alimentarius Commission
and European Union Committee to show the safe residual
limits for pesticides.
In the recent years, the world's attention has focused
on the removal of pesticide residues by different treatments
like; cooking, ozonation, UV-radiation, washing and peeling. It is noticed that these treatments are of great benefits
to have safe and healthy food. The objective of this study
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is to: Examine the effect of ozonation at 0.4 ppm, UV-radiation at 254 nm and heat treatment above 100 oC on recovered amounts from spiked tomato juice with carbosulfan insecticides at different concentration levels for different periods of time.

2. MATERIALS AND METHODS
This study was conducted at Pesticides Residues Department in the Directorate of Plant Wealth-Ministry of
Agriculture, Amman, Jordan.
2.1. Materials
2.1.1. Chemicals and reagents

The following chemicals were used for extraction of
carbosulfan from tomato juice:
- Anhydrous magnesium sulphate (MgSO4, assay 99%)
(Sigma-Aldrich, USA), ashed at 500oC for 5 hours was
carried out before usage to eliminate phthalates and remained water.
- Acetonitrile (CH3CN, HPLC-grade, assay of 99.8%)
(LAB-SCAN analytical sciences, Ireland).
- Acetic acid (CH3COOH, assay 99%) (J. T. Baker, USA).
- Acetone (C3H6O, GC-grade, assay 99.8%) (LabChem,
USA).
- Sodium chloride (NaCl, assay 99.9%) (AVONCHEM,
UK).
- Primary Secondary Amine (PSA) sorbent, with 40 – 60 µm
particle size (Agela Technologies, USA).
2.1.2. Pesticides

Standards of Carbosulfan (C20H32N2O3S) pesticide
was obtained from Dr. Ehrenstorfer- GmbH (Augsburg,
Germany) with certified purity of 97%. Ditalimifos
(C12H14NO4PS, assay 97.5%) was used as internal standard.
2.2. Apparatus and equipment

The following apparatus and equipment were used for
preparation and analysis of carbosulfan:
- Teflon centrifuge tubes of .01 and .05 L.
- Pipettes 0.0005-.005 L for transferring the sample extract
to the clean up centrifuge tube.
- Vials .002 L capacity
- Containers: Weighing boats, volumetric flasks, graduated
cylinders, and other containers in which to contain samples, extracts, solutions, standards, and reagents.
- Micro-syringes, 10-100 µL (SGE, Australia)
- Gas chromatography model (Agilent 6890N, USA)
equipped with nitrogen phosphorus detector (NPD). The
capillary column was HP-5 with composition of 5% Phenyl 95% methylpolysiloxane with dimensions 30 m x
0.32 mm, 0.50 µm (Agilent, USA).
- Balance (Mettler PM6400, USA) for weighing the samples.

- Balance (Bosch SAE200, Germany) of four digits with
maximum weight 200g ± 0.0001 g for weighing reference materials.
- Muffle furnace (Carbolite EML, UK), used for ashing of
anhydrous magnesium sulphate for 5 hours at 500oC.
- Vortex mixer (Heidolph, Germany) used for shaking the
samples with 1% acetic acid in acetonitrile solution.
- Freezer (Kelvinator, Italy) used for storing samples at
temperature -18oC before analysis.
- Centrifuge (Jouan, France) for holding .05 L centrifuge
tubes, with speed of 1500-3000 rpm.
- Centrifuge (Hettich, USA) for holding .01 L centrifuge
tube for clean up, operated at ambient temperature with
3000 rpm speed.
- Food chopper (Fimar, Italy) used for sample homogenization before taking the required weight for extraction.
- Nitrogen gas cylinder to evaporate acetonitrile to replace
it with acetone, since it is not compatible with NPD detector.
- Blender (Laboratory blender 8010D, USA) used for further homogenisation of subsamples.
- UV lamp (Sterilight Ultraviolet Disinfection System,
Canada) model SC1 with the following properties: stainless steel housing reactor chamber and an inner quartz
UV- lamb with 34.3 cm length, 6.5 cm diameter, volts
200-250 V, power consumption 12 W, and wave length
of 254 nm.
- Ozone generator (ZAET Fruit and Vegetable Washer by
Ozone, China) model ZA-BF-L with properties: height
290 mm, length 378 mm and width 300 mm. It consists
of Acrylonitrile Butadiene Styrene (ABS) plastic cleaning chamber with 9 L capacity, transparent cover, and at
the bottom of the machine the ozone generator which generates ozone by Oxidation Reduction Potential electrode
(ORP) to generate ozone at concentration of 0.4 ppm, also
ozone diffuser is located at the bottom of the machine,
power 35 W, 220 V. This machine applies the CE marketing in accordance with European Union rules
- Kitchen gas, butane ordinary cooking gas (Universal, Jordan).
2.3. Analytical method
2.3.1. Sample preparation and extraction

The method for extraction of pesticide residues in food
called QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) based on the extraction by acetonitrile and
partitioning with anhydrous magnesium sulphate was used
for extraction of carbosulfan residues from tomato juice [9].
2.3.2. Samples clean-up

1 ml of the upper acetonitrile layer was transferred into
.01 L centrifuge tube containing 25 mg PSA as sorbent and
150 mg anhydrous MgSO4, then it was vortexed for 30 s,
as a final step the centrifuge tube was centrifuged at 3000 rpm
for 5 min. The extract was transferred into .002 L GC vial.
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Since acetonitrile is not compatible with NPD detector, it
was replaced completely with acetone after flushing with
nitrogen gas, then the volume was adjusted to 2 ml with
acetone. After that samples were analyzed with GC-NPD
to determine the residues of carbosulfan.

mean values ( ) for the amounts of the six replicates and
their standard deviation (SD) were calculated separately
for each pesticide [11]. The DL for carbosulfan was calculated according to the following equation [12]:

2.3.3. Gas chromatography with nitrogen phosphorus detector analysis

After determination of DL for each pesticide, a blank
sample was spiked with this concentration and determined
by GC-NPD.

2.3.3.1. Gas chromatography conditions for determination of
carbosulfan

The chromatographic system consisted of a gas chromatography equipped with nitrogen phosphorous detector,
split less injector and the capillary column HP-5 model
No.(19091J-413) with composition of 5% Phenyl and 95%
methylpolysiloxane, dimensions are 30 m length, 0.32 mm
nominal diameter, and 0.52 µm nominal film thickness.
The carrier gas was helium. The operating conditions were:
injection volume of 1 µl. The temperature program was: injector temperature 250oC, and detector temperature 300 oC
[10]. The oven temperature program was 70 oC for 1 min;
12 oC min-1 to 280 oC for 15 min [10]. For data acquisition
Chem-Station software was used.
2.3.4. Quality control and qualification

In order to construct the calibration curve for different
concentrations and corresponding peak areas, the following
sequence of carbosulfan and ditalimifos pesticide standards
preparations were accomplished.
2.3.4.1. Preparation of standard stock solutions

Standard stock solutions at concentration of 100 ppm
were prepared separately by weighing 10.31 and 10.26 mg of
carbosulfan and ditalimifos reference standards into 100 ml
volumetric flask for each pesticide, then diluted to the mark
with acetone. These stock solutions were used for preparation of 10 ppm intermediate solutions.
2.3.4.2. Preparation of calibration curve working solutions
2.3.4.2.1. Carbosulfan

Carbosulfan intermediate solution of 10 ppm was used
for preparation of four calibration points working solutions
0.01, 0.05, 0.1 and 0.5 ppm. One micro liter of each point
working solution was injected into GC-NPD for three
times to get the average area corresponding to each calibration point.
2.3.4.2.2. Ditalimifos

A certain volume from the intermediate solution
(10 ppm) was added to the calibration points working
solutions to obtain 0.5 ppm as an internal standard, since
it is stable compound and has a constant area with time.
2.3.4.3. Determination of detection Limits (DL)

Three independent blank juice samples that previously
shown not to contain any residues, were separately extracted in the same day to get the amount corresponding to
the desired pesticide retention time using GC-NPD. The

3

… … … … … … ….

(2)

2.3.4.4. Blank test

This test was performed to make sure that the solvent
and apparatus are free from any residues of carbosulfan.
Ten ml of acetonitrile was placed in .05 L Teflon centrifuge
tube, and then the procedures for extraction and GC-NPD
analysis were followed as described previously.
2.3.4.5. Recovery test

Blank tomato juice samples that are previously analyzed and proven to be free from any carbamate residues
were used to perform this test. Ten grams of homogenized
blank tomato juice samples were placed in .05 L Teflon
centrifuge tube and spiked separately to obtain 0.1, 0.5, 1,
5, and 10 ppm from the carbosulfan pesticide .The extraction and clean-up procedures were preceded as previously
described. This test was repeated three times for carbosulfan
pesticide at the spiked amounts of 0.1, 0.5, 1, 5 and 10 ppm
to assess the efficiency of QuEChERS method for extraction of carbosulfan.
The recovery percentage of the pesticide was calculated according to the following equation:
Recovery percentage %
100 … … … … … …

(3)

2.4. Effect of tomato juice ozonation, UV-radiation and heat
treatment on stability of carbosulfan

To investigate the declining pattern in carbosulfan pesticide residues in tomato juice, the samples were treated as
follows:
2.4.1. Ozonation at 0.4 ppm

Five tomato juice samples (1 L each) (free from carbamates residues) were spiked with five different concentrations 0.1, 0.5, 1, 5 and 10 ppm for carbosulfan. Each sample was treated with 0.4 ppm ozone for 3, 5, 10, 15 and
30 minutes using the Fruits and Vegetables Washer. This
concentration of ozone (0.4 ppm) is commonly applied for
domestic uses. The ozone generator output is more than
200 mg/hr. The effect of ozone treatment on carbosulfan
was evaluated by analyzing tomato juice samples before
and after the treatment. The spiked tomato juice samples
were held inside the cleaning chamber during ozone treatment. Samples were taken separately after 3, 5, 10, 15, and
30 minutes for the pesticide determination. Each sample
was extracted by QuEChERS method and analyzed using
GC-NPD to determine the recovered amounts of carbosul-

735

© by PSP Volume 24 – No 3. 2015

Fresenius Environmental Bulletin

fan in order to evaluate the efficiency of ozonation on the
reduction percentages of carbosulfan with time.

3. RESULTS
3.1. Pesticides residues analysis

2.4.2. UV-radiation at 254 nm

3.1.1. Blank test

Five tomato juice samples (0.5 L each) (free from carbamates residues) were spiked with five concentrations
0.1, 0.5, 1, 5 and 10 ppm of carbosulfan. Each sample was
treated with UV- radiation at 254 nm [13, 14] for 3, 5, 10,
15 and 30 minutes. The effect of UV-radiation treatment
on carbosulfan was evaluated by analyzing tomato juice
samples before and after the treatment. The spiked tomato
juice samples were held between the outer stainless steel
jacket and the inner quartz tube during UV-radiation treatment. Samples were taken separately after 3, 5, 10, 15, and
30 minutes for determination of the pesticide. Each sample
was extracted by QuEChERS method and analyzed using
GC-NPD to determine the recovered amount of carbosulfan in order to evaluate the efficiency of this treatment in
degradation of this pesticide with time.

All the blank tests did not show any residues of carbosulfan. These blank tests indicated that there were no contaminations due to reagents and/or equipment.

2.4.3. Heat treatment above 100 oC

Five tomato juice samples (1 L each) (free from carbamates residues) were spiked with five concentrations 0.1,
0.5, 1, 5 and 10 ppm for each of the carbosulfan pesticide.
Each sample was heated up to 100oC. After 100 oC was
reached five samples were taken after 3, 5, 10, 15, and
30 minutes separately for the pesticide determination. Each
sample was extracted by QuEChERS method and analyzed
using GC-NPD to determine the amounts of carbosulfan
left after heat treatment above 100 oC for several minutes
on reduction of this pesticide.
2.4.4. Control samples

Five tomato juice samples of the collected samples
from the local market which shown not to contain any residues of carbosulfan, were used as control samples for ozonation at 0.4 ppm ozone concentration, UV-radiation at
254 nm and heat treatment above 100 oC after spiking with
different concentration levels from the studied pesticide.
Control samples were spiked with 0.1, 0.5, 1, 5 and 10 ppm
and kept under room conditions for 30 min to investigate the
effect of natural light exposure and room temperature on carbosulfan reduction percentages, samples were taken after 3,
5, 10, 15 and 30 min for the pesticide determination.
2.4.5. Extraction and GC-NPD analysis

The same procedures were followed for extraction and
GC-NPD analysis as described earlier for determination of
carbosulfan recovered amounts from spiked tomato juice
samples after ozonation, UV-radiation and cooking.

3.1.2. Control sample

The results of the analyzed control tomato juice samples showed that the maximum and minimum reduction
percentages of carbosulfan at studied concentrations levels
of 0.1, 0.5, 1, 5 and 10 ppm for different periods of time 3,
5, 10, 15 and 30 min were ranged from 0.010 to 0.459 ppm
for carbosulfan were these values very small in comparison
with corresponding reduction percentages after treatments
with ozone, UV-radiation and cooking.
3.1.3. Detection limits (DL) and retention time

The results for the analysis of three blank tomato juice
samples showed that the minimum detection limits and the
retention time were 0.0063 ppm, 19.329 min for carbosulfan, respectively, as shown in Table 1.
TABLE 1 - Detection limits (DL) of carbosulfan pesticides, using GCNPD.

Pesticide

Detection limits*± SE**
(ppm)

Retention time
(min)

0.0063 ±0.0002

19.329

Carbosulfan

*Values calculated based on six replicates of the blank tomato juice
samples.
** SE= Standard Error
3.1.4. Recovery test

As shown in Table 2, the mean recoveries percentages
from blank tomato juice samples of carbosulfan were
ranged from 85.4% to 87.3% .
TABLE 2 - Recovery percentages of carbosulfan pesticides from tomato juice samples spiked with different concentration levels.

Spiked amount
(ppm)
0.1
0.5
Carbosulfan
1.0
5.0
10.0
* Values are means of three replicates.
** SE= Standard Error
Pesticide

Recovery %*± SE**
85.4 ± 0.4
86.0 ± 0.7
86.4 ± 0.6
86.7 ± 0.6
87.3 ± 0.7

3.2. Carbosulfan
2.5. Statistical analysis

The design of the experiment was Complete Randomized Design (CRD) with three replicates. Mean values and
standard error were calculated and analyzed. The obtained
data were subjected to statistical analysis using MSTAT-C
programme version 1.4, were Least Significant Difference
test (LSD) was used at 0.01 probability level.

Carbosulfan was greatly affected by ozonation at 0.4 ppm
treatment since its reduction percentages increased to reach
100% after 15 min of treatment for all the spiked concentration levels as presented in Table 3. On the other hand,
UV-radiation at 254 nm did not reduce carbosulfan spiked
concentration levels significantly. However, the maximum
carbosulfan reduction percentage reached after 30 min of
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TABLE 3 - Comparison between effects of ozonation, UV-radiation and heat treatment for different periods of time on carbosulfan reduction
percentages at different spiked concentration levels in tomato juice, using GC-NPD. *

Spiked concentration
(ppm)
1

Treatment

0.1
0.5
5
10
3 min
Ozonation at 0.4 ppm
81.818a**±1.56
80.184a±0.22
77.661a±0.02
72.203a±0.23
69.441a±0.67
UV-radiation at 254 nm
0.114c±0.13
0.091c±0.12
0.086c±0.01
0.047c±0.02
0.022c±0.01
Heat treatment above 100oC
72.093b±0.42
71.028b±0.13
69.601b±0.37
53.978b±0.46
50.687b±0.32
5 min
Ozonation at 0.4 ppm
100a±0.00
97.926a±0.29
93.216a±0.07
90.459a±0.19
88.395a±0.65
UV-radiation at 254 nm
0.455c±0.21
0.387c±0.11
0.344c±0.04
0.118c±0.02
0.056c±0.03
Heat treatment above 100oC
84.884b±0.18
80.607b±0.23
79.578b±0.81
61.865b±0.24
58.415b±0.27
10 min
Ozonation at 0.4 ppm
100 a±0.00
100a±0.00
100a±0.00
98.469a±0.24
95.696a±0.56
UV-radiation at 254 nm
0.909c±0.12
0.501c±0.33
0.458c±0.15
0.188c±0.01
0.078c±0.05
Heat treatment above 100oC
95.349b±0.29
93.925b±0.21
90.376b±0.19
87.219b±0.22
80.669b±0.21
15 min
Ozonation at 0.4 ppm
100a±0.00
100 a±0.00
100a±0.00
100 a±0.00
100 a±0.00
UV-radiation at 254 nm
1.136b±0.13
0.638b±0.23
0.573b±0.12
0.259b±0.02
0.134c±0.01
Heat treatment above 100oC
100a±0.00
100 a±0.00
99.296a±0.79
98.794a±1.42
92.484b±0.11
30 min
Ozonation at 0.4 ppm
100a±0.00
100a±0.00
100a±0.00
100a±0.00
100a±0.00
UV-radiation at 254 nm
2.159b±0.11
1.822b±0.13
1.489b±0.05
0.494b±0.03
0.211c±0.04
Heat treatment above 100oC
100a±0.00
100 a±0.00
100a±0.00
100a±0.00
96.782b±0.35
* Values are means of three replicates ± SE.
**Means of reduction percentages (%) within the same column for each time sharing the same letters in superscript are not significantly different using
LSD test at 0.01 probability level.

treatment was 2%. Heat treatment above 100 oC reduced
carbosulfan significantly. Carbosulfan reduction percentages were reached 100% after 30 min of treatment. The statistical analysis (Table 3) showed that there were significant differences (P  0.01) at 3, 5 and 10 min between carbosulfan reduction percentages after ozonation, UV-radiation and heat treatment. On the other hand, there were no
significant differences (P  0.01) between carbosulfan reduction percentages after ozonation at 0.4 ppm and after
heat treatment above 100 oC at 15 and 30 min for all the
spiked levels except for the spiked level of 10 ppm.

for extraction. In agreement with these results, Lehotay et
al. [16] found that the recoveries for methomyl and oxamyl
which are of the same carbosulfan family were > 90% for
different commodities. Moreover, Glauner [17] achieved
98.9% and 103.3% recoveries for methomyl and oxamyl,
respectively, from tomato fruits samples in a study performed to validate QuEChERS method for extraction of
313 compounds in different commodities.
4.3. Effect of ozonation on tomato juice

The present study showed that the detection limits for
carbosulfan 0.0063 ppm using QuEChERS method for extraction and GC-NPD for determination. Delgado [10]
found that the detection limits of carbofuran which is the
main metabolite for carbosulfan was 0.003 ppm, using the
same method of extraction and determination of this carbamate pesticide from powdered potatoes. In addition, similar results were reported by Berger et al. [15], who showed
that carbamates were directly and selectively detected using gas chromatography equipped with NPD detector with
detection limits ranging from 0.003 to 0.06 ppm.

Carbosulfan recovered amount decreased significantly
with time after ozonation treatment at 0.4 ppm to reach a
concentrations that are below the EU-MRL after 30 min of
treatment [18]. Carbosulfan reduction percentages were increased with increasing ozonation exposure time. More than
90% reduction percentages were achieved after 15, 10 and
5 min for carbosulfan. The ability of ozonation in reduction
of this pesticide amount is related to the ability of ozone to
generate hydroxyl radicals in aqueous solution, which are
highly effective to decompose carbosulfan, so as the time of
exposure increased hydroxyl radicals continued to be generated throughout the treatment, and more residues degraded.
The present results agreed with the results obtained by several authors [19-21]. The authors concluded that ozonation
treatment could be considered as an efficient treatment to remove high concentrations of pesticide residues if ozone generated continuously for a sufficient time of treatment.

4.2. Recovery test

4.4. Effect of UV-radiation at 254 nm on tomato juice

Carbosulfan recoveries were found in the range of
85.4% to 87.3% , using GC-NPD and QuEChERS method

It can be noticed from the results obtained from spiked
tomato juices treated with UV radiation at 254 nm that this

4. DISCUSSION
4.1. Detection limits (DL)
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method was not an efficient in removing carbosulfan, since
the maximum reduction percentages achieved by this treatment was 2.16%, after 30 minutes of treatment. These were
small reduction percentages in comparison with the corresponding reduction percentages achieved by ozonation and
heat treatments. Furthermore, the recovered amounts remained higher than the maximum residues limits even after
30 min of treatment. An explanation to these results might
relay on the fact that photo degradation is based on the absorption of light by the molecules, to be promoted to their
excited singlet state. This process was slow and need sufficient exposure time of UV-radiation to cause hemolytic
cleavage of CـــN bond to form radical pairs [22]. In addition, it might be the effect of UV treatment comes from the
light penetration. In the tomato juice, the colour, the turbidity, and the total solids content might block the UV light
penetration, therefore, low removal efficiency might be expected.
4.5. Effect of heat treatment on tomato juice

Heat treatment of spiked tomato juice above 100 oC
was an effective treatment to reduce carbosulfan amounts
in tomato juice significantly. Heat treatment of spiked tomato juice with carbosulfan was more efficient, because
carbosulfan reduction percentage reached more than 50%
after 3 min of treatment. Carbosulfan recovered amounts
form tomato juice for the spiked concentration levels of
0.1, 0.5, 1 and 5 ppm, decreased significantly after 30 min
of treatment to reach below the EU-MRL established by
the European Union committee of 0.05 ppm [18]. According to the present results, it was clear that the exposure time
is an important factor in heat treatment for the reduction of
carbosulfan residues.
The reduction in carbosulfan recovered amounts could
be explained according to the processes that normally occur during cooking, which involve; volatilization, hydrolysis, and thermal breakdown of these compounds [23, 24].
The results of this study concur with the results described
in the paper of Aktar et al. [25] concerning the persistence
of methomyl of the same carbosulfan family on okra, after
washing and heat treatment. In a monitoring study performed in India, carbosulfan residues were not found in any
of the collected samples. The main carbamate residues
found in eggplant samples was carbofuran, which is the
main carbosulfan metabolite, since it is more thermally stable than carbosulfan. Even though, boiling was found an
effective treatment. It reduced carbofuran by 50% [26].

2) Heat treatment was found to be less efficient treatment
than ozonation in reducing carbosulfan spiked
amounts, but more efficient than UV-radiation.
3) UV-radiation was the least efficient treatment to reduce
the spiked amounts of carbosulfan in tomato juice.
4) Carbosulfan was slightly affected by UV-radiation
treatment. On the contrary, carbosulfan was completely
eliminated by ozonation and heat treatment after 15
minutes of treatment.
5) Exposure time to the ozonation, UV-radiation and heat
treatment was an important factor to reduce the spiked
amount below the maximum residue limits.
In order to have safe and maintain the quality of tomato
juice, the following are recommended depending on the
present study:
1) QuEChERS method for extraction of pesticides residues could be adopted instead of old extraction methods, because it saved time, reduced the cost for sample
analysis, did not need several glass wares and achieved
high recoveries.
2) Establishing a local monitoring program for the residues of all the carbamate pesticides registered and used
in Jordan.
3) Some carbamate pesticides have more toxic metabolites than the parent compound like carbofuran, which
is the main metabolite for carbosulfan, and it is more
toxic and persistent than carbosulfan. A comprehensive
monitoring program for carbamate pesticides metabolites is required.
4) Ozonation could be adopted for domestic use, since it
was an efficient treatment to reduce the carbosulfan residues.
5) Increasing the public awareness towards the ozonation
and heat treatment for reduction of carbamate pesticides residues.
Further studies are needed to find the relationship between the exposure time to ozonation, UV-radiation and
heat treatment and the parent compound metabolites, and
to investigate the type of resulted metabolites and its health
impacts.
Studies are required to study the effect of ozonation
UV-radiation and heat treatment on the components of tomato juice.

5. CONCLUSIONS
The study of the effect of ozonation at 0.4 ppm, UV-radiation at 254 nm and heat treatment above 100 oC on spiked
tomato juice results showed the following conclusions:
1) Ozonation was the most effective treatment to reduce
carbosulfan spiked amounts significantly below the
maximum residue limits, and it is time dependent.

ACKNOWLEDGMENT
This work was performed with the support of the University of Jordan and the Ministry of Agriculture of Jordan,
to whom we thank.

738

The authors have declared no conflict of interest.

© by PSP Volume 24 – No 3. 2015

Fresenius Environmental Bulletin

REFERENCES
[1]

Department of Statistics (2011) Annual Book, Amman, Jordan.

[2]

Department of Statistics (2010) Annual Book, Amman, Jordan.

[3]

Worthing, C. and Hance, R. (1991) The Pesticide Manual,
(9thed.), England: British Crop Protection Council.

[4]

Ministry of Agriculture (2011) Annual Report, Amman, Jordan.

[5]

FAO (2007) Food and Agriculture Organization Statistics. Retrieved from http:// www.Faostat.org

[6]

Marrs, T. and Ballantyne, B. (2004) Pesticide Toxicology and
International Regulation, (1st ed), London: John Wiley and
Sons Ltd.

[7]

FAO (2002) FAO Specifications and Evaluations for Plant
Protection Products; Methomyl. Retrieved from http://
www.Fao.org/ag

[8]

FAO (2008) FAO Specifications and Evaluations for Plant
Protection Products; Oxamyl. Retrieved from http://
www.Fao.org/ag

[9]

Anastassiades, M., Lehotay, S., Stajnbaher, D. and Schench,
F. (2003) Fast and Easy Multi-residue Method Employing Acetonitrile Extraction/Partitioning and Dispersive Solid-Phase
Extraction for Determination of Pesticide Residues in Produce. Journal of AOAC International, 86(2), 412-431.

[20] Mico, M., Chourdaki, S., Bacardit, J. and Sans, C. (2010)
Comparison between Ozonation and Photo-Fenton Processes
for Pesticide Methomyl Removal in Advanced Greenhouses.
Journal of the International Ozone Association, 32(4), 259264.
[21] Lkeura, H., Kobayashi, F. and Tamaki, M. (2011) Removal of
Residual Pesticides in Vegetables Using Ozone Microbubbles.
Journal of Hazardous Materials, 186(1), 956-959.
[22] Herweh, J. and Hoyle, C. (1980) Photodegradation of Some
Alkyl n-arylcarbamates. Journal of Organic Chemistry,
45(11), 2195-2201.
[23] Abou-Arab, A. (1999) Behavior of Pesticides in Tomatoes
during Commercial and Home Preparation. Food Chemistry,
65, 509-514.
[24] Bonnechere, A., Hanot, V., Jolie, R., Hendrickx, M., Bragard,
C., Bedoret, T. and Loco, J. (2012) Effect of Household and
Industrial Processing on Levels of Five Pesticide Residues and
Two Degradation Products in Spinach. Food Control, 25, 397406.
[25] Aktar, W., Sengupta, D. and Chowdhury, A. (2008) Degradation Dynamics and Persistence of Quinolphos and Methomyl
in/on Okra (Ablemoschus esculentus) Fruits and Cropped Soil.
Bulletin of Environmental Contamination and Toxicology, 80,
74-77.
[26] Kumari, B. (2008) Effects of Household Processing on Reduction of pesticide Residues in Vegetables. Journal of Agricultural and Biological Science, 3(4), 46-51.

[10] Delgado, M., Barroso, S., Tostado, G. and Diez, L. (2001) Stability Studies of Carbamate Pesticides and Analysis by Gas
Chromatography with Flame Ionization and Nitrogen phosphorus Detection. Journal of Chromatography A, 921, 287-296.
[11] Corley, J. (2003) Handbook of Residue Analytical Methods
for Agrochemicals, USA: John Wiley and Sons Ltd.
[12] Muir, D. and Sverko, E. (2006) Analytical Methods for PCBs
and Organochlorine Pesticides in Environmental Monitoring
and Surveillance. Analytical and Bioanalytical Chemistry,
386(4), 769-789.
[13] Soliman, M. (2012) Effects of UV-Light, Temperature and Storage on the Stability and Biological Effectiveness of some Insecticides. Journal of Plant Protection Research, 52(2), 275-280.
[14] Badawy, H. Mowafy, M. Abd El-Mageed, N. and Kandil, M.
(2009) Persistence in Tomato leaves of Oxamyl and Metalaxyl
Alone or in Combination under different Environmental Conditions, 4th Conference on Recent Technologies in Agriculture, 12 Cairo, Egypt, 3-5 November 2009, 92-100.
[15] Berger, T., Wilson, W. and Deye, J. (1993) Analysis of Carbamate Pesticides by Packed Column Supercritical fluid. Journal
of Chromatographic Science, 32(5), 179-184.
[16] Lehotay, S., Dekok, A., Hiemetra, M. and Van-Bodegraven,
P. (2005) Validation of a Fast Easy Method for Determination
of Residues from 229 Pesticides in Fruits and Vegetables Using Gas and Liquid Chromatography and Mass Spectrometric
Detection. Journal of AOAC International, 88(2), 595-614.
[17] Glauner, T. (2012) New Tools for Unmatched Sensitivity and
Unequivocal Confirmation of Pesticides in Food. Agilent
Technologies Publications, USA.
[18] EU (2005) EU-Pesticides Database, Regulation (EC) No
396/2005. Retrieved from http:// www.ec.europa.eu/sancopesticides
[19] Lau, T. Chu, W. and Graham, N. (2007) Degradation of the
Endocrine Disruptor Carbofuran by UV, O3 and O3/UV. Journal of the International Association on Water Pollution Research, 55(12), 275-280.

739

Received: April 03, 2014
Revised: July 08, 2014
Accepted: August 18, 2014

CORRESPONDING AUTHOR
Tawfiq M. Al- Antary
Faculty of Agriculture
Department of Plant Protection
University of Jordan
Amman, 11942
JORDAN
E-mail: tawfiqalantary@yahoo.com
t.antary@ju.edu.jo
FEB/ Vol 24/ No 3/ 2015 – pages 733 – 739

© by PSP Volume 24 – No 3. 2015

Fresenius Environmental Bulletin

PREPARATION OF A NEW ION-EXCHANGE RESIN
FROM CASSAVA STALK FOR EFFECTIVE REMOVAL
OF PHOSPHATE IONS FROM WASTEWATER
Weiming Mo1, Minjun Zhang2, Caiyan Kang2,*,
Yulong Lun2, Chunqiang Chen2, Mianwu Meng2 and Menglin Chen2
1

School of Chemistry and Pharmaceutical Science, Guangxi Normal University, Guilin 541004, China
2
School of Environmental Science and Resource, Guangxi Normal University, Guilin 541004, China

ABSTRACT

1. INTRODUCTION

A new ion-exchange resin was prepared from cassava
stalk for the effective removal of phosphate ions from wastewater. The cassava stalk quaternary amino anion exchanger
(CS-QE) could be prepared through a 3-step sequential
synthetic reaction among the activated cellulose of cassava
stalk (CS) with epichlorohydrin (ECH), ethylenediamine
(EDA) and triethylamine (TEA) in the presence of N,N-dimethylformamide (DMF). The reaction conditions were
optimized by varying the amounts of EDA and TEA, controlling reaction temperatures and adjusting incubation times
in the steps of activating, cross-linking and grafting. The
synthesized resins were characterized by FT-IR, SEM, elemental analysis, and Zeta potential to determine their applicability in phosphate binding. The capacity of the new
resin for phosphate removal was determined from two significant experimental indicators: the phosphate removal efficiency and zeta potential of the new resin, respectively.
The results showed that (1) the optimal reaction ratio was
CS:EDA:TEA = 2 g:1.8 g:3.7 g (or 2 g:3 ml:5 ml), (2) the
activating, cross-linking and grafting times were 1, 0.5 and
4 h, respectively, and (3) the reaction temperature was 100 °C.
The key influential factor on the preparation of CS-QE was
found to be the TEA amount. Under the optimum conditions, the CS-QE with 94.7% of phosphate removal efficiency and 41.4 of zeta potential was obtained. The results
in this study demonstrated that a new ion-exchange resin
could be prepared from cassava stalk in a cost-effective
way and used for the effective removal of phosphate ions
from wastewater.

Water can be heavily contaminated with some anions,
such as nitrate, sulfate, perchlorate, phosphate and chromate,
due to industrial pollution, such as inorganic chemical industry wastewater and acid mine drainage, especially in developing countries. Therefore, the effective treatment to remove anions from wastewater in a cost-efficient way is important for health and environment.
The wastewater treatments normally are biological,
physical, and/or chemical processes which may include
multi steps to remove anions from wastewater. For example, removal of polluting anions from water is often carried
out with activated carbon [1] and ion-exchange resins [2].
Because activated carbon and ion-exchange resins are expensive materials, removal of polluting anions from water
with these materials is not feasible in a cost-efficient way.
Therefore, numerous inexpensive and effective anion exchangers have been produced from agricultural by-products including rice straw [3], coconut coir pith [4], wheat
residue [5], Chinese Read [6], and corn stalk [7]. In our previous work, cassava stalk has be used as a raw material to
prepare an anion exchanger for the removal of nitrate [8, 9].
The objective of this study is to prepare a new ion-exchange
resin from cassava stalk for the effective removal of phosphate ions from wastewater. The preparation conditions are
optimized with single influential factors and orthogonal
tests. The new ion-exchange resin is characterized using a
scanning electron micrograph (SEM) analyzer, element analyzer and electro-kinetic analyzer. The new ion-exchange
resin is also tested for its capacity of phosphate ion removal
from wastewater.

KEYWORDS:
cassava stalk; ion-exchange resin; quaternary amino anion exchanger; phosphate removal; chemical modification.

2. MATERIALS AND METHODS
2.1 Materials and chemicals

* Corresponding author

Cassava (Maihot esculenta) stalks (CS) were received
from a suburb of Nanning, Guangxi, China. The raw material was washed with tap water to remove dirt, and dried in
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an oven at 80 °C for 12 h. The dried cassava stalk was
ground with a Chinese herbal medicine pulverizer (FY135,
Tianjintaisite instrumental Co. Ltd.) and sieved to obtain
the powder with a particle size of 100–250 µm.
Potassium dihydrogen phosphate (KH2PO4) was purchased from Xilong chemical Co., Ltd., Shantou, China.
Epichlorohydrin (≥99%, ECH), ethylenediamine (≥99%,
EDA, density: 0.8998 g/cm3) and triethylamine (≥99%,
TEA, density: 0.7260 g/cm3) and N, N-dimethylformamide
(≥99.5%, DMF) were purchased from Xilong chemical
Co., Ltd., Shantou, China. Distilled water was obtained
with a double-distillation water device (SZ-93, Shanghai,
China). All the chemicals used in this study were of chemical and/or analytical grades. The 200 mg/L (counted by
phosphorus) of potassium dihydrogen phosphate (KH2PO4)
stock solution was prepared by dissolving required amount
of KH2PO4 in distilled water. The working solutions of
KH2PO4 (e.g., 25 mg/L) were diluted from the 200 mg/L
KH2PO4 stock solution with distilled water.

2.2 Preparation of cassava stalk quaternary amino anion exchanger (CS-QE)

The general preparation procedure of CS-QE from cassava stalk is shown in Fig. 1 (cellulose/hemicellulose as an
example). A typical preparation procedure is given as below. An aliquot of 30 g of ground CS powder was added to
300 ml of 1 M sodium hydroxide solution. The mixture was
stirred with a magnetic stirrer for 4 h at room temperature.
The dissolved part in the mixture was removed by filtration. The solid residues of partially formed sodium cellulose were thoroughly rinsed with distilled water to neutralize, and then dried at 60 °C for 12 h to give an approximate
22 g of CS powder. The dried portion of CS powder treated
with NaOH was mixed with 50 ml of 99.5% (v/v) ECH and
25 ml of DMF in a 250-ml 3-necked round bottom flask,
and the mixture was heated at 50-100 °C in a water-bath
for not more than 2 h with agitation (Reaction 1). Then, 15 ml of EDA was added into the flask, and the mixture was
continually stirred for not more than 2 h at 50-100 °C (Reaction 2). Following the above step, 5-20 ml of TEA was

FIGURE 1 - Reaction schemes of CS-QE production.
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added into the flask and the mixture was stirred for 5 min,
followed by heating for 1-6 h at 50-100 °C. The produced
CS-QE was washed with 50 ml of 50% ethanol in water for
four times, with 300 ml of distilled water for four times,
and was dried at 80 °C for 12 h in a vacuum oven. The
dried CS-QE was sieved to obtain the powder with a particle size of 100–250 µm, and was used in the adsorption
experiments.
As shown in Fig. 1, the CS-QE synthesis is a 3-step
chain reaction (Reactions 1-3). In the first step, as shown
in Reaction 1, the cellulose of CS is activated when ECH
reacts with the hydroxyl of –CH2OH groups on cellulose/hemicellulose [10]. The formed epoxy cellulose/hemicellulose ethers (Compound 1) react with EDA to produce
Compound 2 (Reaction 2) [10]. In the third step, the TEA
reacts with Compound 2 to form the triethylammonium
sites in Compound 3 (Reaction 3) [11].

obtained using an AVATAR 360 FTIR spectrometer (Nicolet), with a resolution of 4 cm-1 and a number of 32 scans
per sample.
2.4 Single influential factor experiments and orthogonal tests

Optimum CS-QE synthetic conditions were studied by
performing a series of single influential factor experiments
as well as orthogonal experiments. The following factors
were studied to optimize the 3-step synthetic reactions: activating time and temperature, cross-linking time and temperature, and grafting time and temperature, ratios of EDA
and TEA. In addition, orthogonal experiments were performed based on the data obtained from single influential
factor experiments to analyze the effects of all the factors
on efficiency of phosphate removal and zeta potential as
performance indicators of the CS-QE products.
2.5 Phosphate removal experiments

2.3 Characterizations of CS-QE
2.3.1 Nitrogen content and total exchange capacity (TEC)

Total nitrogen content of CS-QE and CS were measured by element analyzer (PE 2400 Series II, Perkin-Elmer,
USA). TEC is calculated from the nitrogen content using
the following equation [12]:
TEC (mEq g-1) = N(%)/1.4
N(%) is the total nitrogen content of CS-QE and 1.4 is
the correction coefficient.
2.3.2 Zeta potential (mv)

The zeta potential of CS-QE and CS was determined
using an electro-kinetic analyzer (JS94F, Shanghai Zhongchen Digital Technical Apparatus Co., Ltd, China) according to the solid addiction method [13], in order to evaluate
the potential of CS-QE for removing anionic ions and the
change of surface charges from CS to CS-QE. CS-QE or
CS samples were prepared in 25 ml of distilled water containing 0.1 g of CS-QE or CS and shaken for 15 min at 20 °.
To determine the zeta potential of CS-QE or CS at different
pH values, the CS-QE or CS powders in the sediment phase
were dispersed into the media with pH range of 1.0-9.0.
2.3.3 SEM analysis

Scanning electron microscopy (SEM) technique is
commonly used to explore the information of sample's surface topography and composition. In this study, the morphological features and surface characteristics of CS-QE
and CS were investigated by using an environmental scanning electron microscope (FEI, QUANTA 200 ESEM,
Philips Co., Holland). The samples were mounted on metal
grids and coated with platinum in a vacuum evaporator before observation. The accumulation voltage and current
were 3.0 KV and 10 μA, respectively.
2.3.4 FTIR spectra

Functional groups of CS-QE and CS were analyzed using FTIR techniques. The samples were prepared using
KBr disc technique. FTIR spectra of CS-QE and CS were

Adsorption experiments of CS-QE were carried out in
a 250-ml conical flask containing 50 ml of KH2PO4 solution (25 mg/L). The flask was agitated in an orbital shaker
(THZ-C, Taicang biochemical instrument factory) with
speed of 120 rpm at room temperature (about 25 °C). An
aliquot of 0.2 g of CS-QE was added to the flask containing
50 ml of KH2PO4 solution, and the flask was shaken for
60 min. It was observed that the equilibrium adsorption
was achieved based on a preliminary kinetic study experiment. The mixture was centrifuged at 4000 rpm for 8 min,
and the supernatant was collected as sample for chemical
analysis. Phosphate concentration of the sample was determined colorimetrically by ammonium-molybdate colorimetric method [14], using a UV-VIS spectrophotometer (model
WFJ7200, Shanghai). Duplicate sample preparations were
carried out for all the measurements in this study.

3. RESULTS AND DISCUSSION
3.1 Optimal synthesis conditions determined by single influential factors

The single influential factor experiments were performed by changing one factor/variable each time with the
other conditions remaining the same. The factors/variables
include amount of the chemical reagents, the reaction temperatures of activating, cross-linking and grafting, and the
reaction times of activating, cross-linking and grafting.
3.1.1 Effects of reaction time and temperature on the preparation of CS-QE

The given time and temperature in Reaction 1 are assigned as activating time and temperature. In this step, CS
cellulose was added into DMF to allow the hydroxyl group
of CS to react with ECH. The hydroxyl CS cellulose/hemicellulose ether was produced through addition reaction between ECH and hydroxyl group. The cross-linking time
and temperature are the experimental time and temperature
in Reaction 2, in which the epoxy CS cellulose/hemicellulose ethers were cross-linked with EDA. The experimental
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time and temperature in Reaction 3 are described as grafting time and temperature. TEA was introduced to react
with the amino group formed in Reaction 2.
The effects of reaction time and temperature on the
properties of the synthesized CS-QE are given in Figs. 2a
and 2b, respectively. As shown in Fig. 2a, the efficiency of
phosphate removal was related to the reaction time. The
activating times were studied for upto 2 h under the conditions of 1 h of cross-linking time and 3 h of grafting time.
The results indicate that 41-83% phosphate anions were
bound to the CS-QE obtained with different activating
times, and the optimal activating time was 1 h (Fig. 2a).
The optimal cross-linking time was found to be 0.5 h from
experiments with 1 h activating time in Reaction 1, and 3 h
grafting time in Reaction 3. About 86% phosphate anions
were bound to the CS-QE obtained with the cross-linking
time of 0.5 h (Fig. 2a). The phosphate removal efficiency
of the CS-QE was increased from 42.5% with the crosslinking time of 0 h to 86.4% with the cross-inking time of
0.5 h. With longer reaction time in step 2, the phosphate
removal efficiency of CS-QC was similar (83% with the
cross-linking time of 1 h, and 82% with the cross-linking
time of 2 h), which may indicate that the optimal time in
step 2 is 0.5 h. The time required for grafting in Reaction 3
was determined following 1-h activating reaction and 0.5-h
cross-linking reaction. The phosphate removal efficiency
was 92% using the CS-QE produced with the grafting time
of 4 h. The phosphate removal efficiencies were 58.6 and
75.9% using the CS-QE produced with the grafting times
of 1 and 6 h, respectively. The above observations may indicate that the optimal time in step 3 is 4 h. Lower efficiencies of phosphate removal were observed when the reaction
times of activation, cross-linking and grafting were further
increased, which may be explained with the following
facts: (1) ECH could be hydrolyzed or ring-opened to other
side reactions, (2) cellulose/hemicellulose ethers could further decompose with longer cross-linking time, and (3)
side-reactions may occur when more than 4 h of grafting
time was performed. All of these facts may result in the less
formation of amino functional groups in CS-QE and decreasing the potency of CS-QE in phosphate removal. On
the other hand, an insufficiency of reaction time could
cause an inadequacy of reaction between CS and ECH,
which could result in incomplete activating of CS, crosslinking between epoxy cellulose/hemicellulose ethers and
EDA, and grafting between the Compound 2 and TEA.
As shown in Fig. 2b, the optimum temperature in Reactions 1-3 was 100 °C. It was noticed that the phosphate
removal efficiency was increased with the reaction temperature in CS-QE synthesis. The CS-QE synthesized at 100 °C
showed the phosphate removal efficiency of 93%. To keep
the synthesis in a simple way, the reaction above 100 °C was
not performed.
3.1.2. Effect of EDA amount in the preparation of CS-QE

As shown in Fig. 3a, the phosphate removal efficiency
of CS-QE increased from 78 to 95% when the amount of

EDA was increased from 1 to 3 ml. Higher amounts of
EDA (from 3 to 5 ml) did not increase the phosphate removal efficiency of the CS-QE. These results may be due
to the production of maximum amino groups on CS with
3 ml of EDA, and higher amounts of EDA (3-5 ml) would
not increase the amino groups on CS in Reaction 2. Fig. 3a
shows that over 3 ml of EDA provides enough of molar
ratios for the extended fully formation of Compound 3.
Therefore, 3 ml of EDA was used as an optimal amount for
the synthesis of CS-QE, and kept for all of the following
experiments.

FIGURE 2 - Effects of reaction time (a) and temperature (b) on the
efficiency of CS-QE, activating, cross-linking and grafting times: 1,
0.5 and 4 h.
3.1.3. Effect of TEA amount on the preparation of CS-QE

As illustrated in Fig. 3 (b), the phosphate removal efficiency of CS-QE reached more than 90% with the CS-QE
synthesized using 5 ml of TEA. Less amount or excessive
amount of EEA would decrease the adsorption effect of the
CS-QE. The reaction of the insufficient TEA amount (<5 ml)
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with the hydroxy group in CS would generate less amino
groups in the products, which led to lowering phosphate
removal efficiency. When more than 5 ml of TEA was used,
the excess amount of TEA may block its reaction with the
active group in CS and generate less amino groups, which
also led to lowering of phosphate removal efficiency.
3.2. Orthogonal tests

FIGURE 3 - Effect of EDA dosage (a) and TEA dosage (b) on the
preparation of CS-QE

An orthogonal (L18(35)) test using Orthogonality Experiment Assistant II 3.1 software was applied (Table 1) to
determine the optimal reaction conditions and the key influential factor in the preparation of CS-QE. The following
18 conditions were tested: EDA amounts of 1, 2 and 3 ml,
TEA amounts of 5, 10 and 15 ml, and activating, cross-linking and grafting reaction temperatures (temperature 1, temperature 2 and temperature 3) of 60, 80 and 100 °C, respectively.
Results from experiments listed in Table 1 showed that
the highest phosphate removal efficiency (90.3%) and zeta
potential (39.4 mV) were observed with the CS-QE synthesized under the conditions #16. To determine the optimal experimental condition and the key influential factor,
the k and R values (those are widely used in the range analysis of orthogonal tests) are calculated and given in Table 2,
where k is the average of the data at one level of the single
factor, and R is the difference between the maximal value
and minimal value of k [15]. The k values reflected the effects of various levels in the preparation of CS-QE, and the
R values directed the effects of various factors on the synthesis reaction [5]. With comparing the values of k1, k2, k3
and k1’, k2’, k3’ in Table 2, it was shown that the prominent
k values were obtained at 100 °C reaction temperature (ac-

TABLE 1 - Optimal reaction conditions determined by orthogonal test.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Temperature
1 (°C)
60
60
60
80
80
80
100
100
100
60
60
60
80
80
80
100
100
100

Temperature
2 (°C)
60
80
100
60
80
100
60
80
100
60
80
100
60
80
100
60
80
100

Temperature
3 (°C)
60
80
100
60
80
100
80
100
60
100
60
80
80
100
60
100
60
80

EDA (ml)

TEA (ml)

1
2
3
2
3
1
3
1
2
2
3
1
1
2
3
3
1
2

5
10
15
15
5
10
10
15
5
10
15
5
15
5
10
5
10
15

744

Phosphate
removal (%)
77.3
79.2
82.5
73.6
86.8
85.2
83.5
81.0
89.9
80
78.1
86.7
77.9
87.8
74.6
90.3
83.2
80.1

Zeta potential
(mV)
21.8
22.8
30.0
15.3
35.1
32.9
31.6
28.4
39.3
23.3
19.9
33.8
20.3
36.5
16.3
39.4
30.3
29.3
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TABLE 2 - Analysis of orthogonal L18(3)5 test.
Temperature
Temperature
Temperature
EDA dosage
TEA dosage
Phosphate removal
Zeta potential
1
2
3
(%)
(mV)
K1 a
80.6
80.4
79.4
81.9
86.5
81.8
K2
81.0
82.7
82.4
81.8
81.0
81.7
K3
84.7
83.2
84.5
82.6
78.9
82.8
Rb
4.0
2.7
5.0
0.7
7.6
4.0
K1’c
25.3
25.3
23.8
27.9
34.3
27.3
K2 ’
26.1
28.8
28.8
27.7
26.2
27.5
K3 ’
26.5
30.3
31.7
28.7
23.9
28.2
R’d
1.2
5.0
7.9
1.0
10.4
5.1
a
ki = (Σ the phosphate removal of single-factor)/5; b Ri = max ki – min ki; c ki' = (Σ the zeta potential of single – factor)/5; d R i' = max ki' – min ki'.

tivating, cross-linking and grafting temperature), 3 ml of
EDA and 5 ml of TEA, which indicated that the optimal
reaction conditions in preparation of CS-QE would be:
EDA amount of 3 ml, TEA amount of 5 ml, and temperature (temperature 1, temperature 2 and temperature 3) of
100 °C. The optimal synthesis conditions cohere with the
optimal results obtained in single factor experiments.
The experimental results showed that the phosphate removal efficiency of 94.7% and the zeta potential of +41.4 mV
were obtained with the CS-QE prepared at optimal conditions. The R values for the five factors are 4.0, 2.7, 5.0, 0.7,
7.6 and 1.2, 5.0, 7.9, 1.0, 10.4 by taking the phosphate removal efficiency and the zeta potential as the indicators,
respectively. In addition, the high R value of the TEA
amount compared to the other factors indicates that TEA
amount is the key factor in the preparation of CS-QE.

onic functional groups on the CS-QE structure. The zeta
potentials of the CS and CS-QE gradually decreased as the
pH increased from 1 to 9, which could be due to the pHdependent functional groups like hydroxyl and carboxyl
ones on the CS and CS-QE structures. The number of negative potential points increases when these functional groups
disassociate with increasing pH, resulting in the decrease
of zeta potential. The difference in the isoelectric point
(IEP) between the raw CS (IEP = 2.25) and CS-QE (IEP =
9.55) was observed in Fig. 6. This could be attributed to
more hydroxyl and acidic carboxyl groups in raw CS structure, which could dissociate at higher pH values and lead
to a lower IEP pH value. Similarly, the more positivecharge point in CS-QE might bring a higher isoelectric
point, which is consistent with the results reported in literature [16, 17].

3.3. Characteristics of CS-QE prepared under the optimized
synthesis conditions
3.3.1. Nitrogen content analysis

The changes of elemental carbon, hydrogen, and nitrogen between CS and CS-QE are listed in Table 3. A slight
increase of carbon and hydrogen contents in CS-QE is observed in comparison with CS. Nitrogen content in CS-QE,
however, increases significantly from 1.98 to 8.15%, indicating the introduction of amino groups after CS reaction
with EDA and TEA [15]. TEC values estimated from the
nitrogen content of CS-QE also increased from 1.41 to
5.82% ( Table 3). A significant increase in TEC value signifies better adsorption properties of CS-QE.
TABLE 3 - Changes of elements between CS and CS-QE.
CS
CS-QE

N (%)

C (%)

H (%)

TEC (mEq g-1)

1.98
8.15

48.48
50.1

7.79
7.61

1.41
5.82

FIGURE 4 - Zeta potential of CS-QE and CS as a function of pH.
3.3.3. SEM analysis

3.3.2 Zeta potential

Zeta potentials of the samples over the pH range of 19 are shown in Fig. 4. The zeta potentials of the CS-QE
were in the range from -3.05 to +82.08 mV, in comparison
with the raw CS from -68.22 to +9.12 mV over the designated pH range, which indicated the introduction of cati-

The SEM micrographs of CS-QE and CS are shown in
Fig. 5. It is observed that the surface of CS-QE is smoother
than that of CS, and there are some pores on the surface of
CS-QE compared to the surface of the raw CS, indicating
that the configuration of cellulose was improved due to the
removal of hemicellulose, lignin, ash and extractives during the modification. It also illustrates that more adsorption
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sites existed in the smoother surface of CS-QE [15], which
would be beneficial to the phosphate removal efficiency.
3.3.4. FT-IR analysis

The IR spectra of CS and CS-QE are shown in Fig. 6.
The broad adsorption peak around 3360 cm-1 is attributed
to the stretching of H-bonded hydroxyl groups. The adsorption at around 2920 cm-1 relates to the C-H stretching
vibration from CH2 group of cellulose and hemicellulose.
The band at 1640 cm-1 is assigned to the special vibration
of aromatic cyclic groups. The peaks observed at 1730 cm-1
and 1240 cm-1 in CS correspond to carboxyl and C-O, respectively, in lignin and hemicellulose [18], and the peak
observed at 897 cm-1 indicates the glycoside linkages deforming with ring vibration and OH bending [3]. In contrast to CS, appearance of peaks at around 1330-1370 cm-1
in CS-QE was assigned to C-N stretching vibration, which
indicated that a large number of amino groups have been
introduced into CS-QE structure after chemical conversion. The presence of amino groups is also confirmed with
the increased nitrogen content (N%). The 1459 cm-1 corresponds to –NH deformation vibration in –NH2.

(a) CS

4. CONCLUSIONS
The new cassava stalk quaternary amino anion exchanger (CS-QC) was prepared from the reaction of cassava stalk with epichlorohydrin (ECH), ethylenediamine
(EDA) and triethylamine (TEA). The optimal reaction ratio
was CS:EDA:TEA = 2 g : 3 ml : 5 ml. The optimal reaction
temperatures of all 3 steps were 100 °C, and activating,
cross-linking and grafting times were 1, 0.5 and 4 h, respectively. The key influential factor in the preparation of
CS-QE was the TEA amount.

(b) CS-QE
FIGURE 5 - SEM micrographs of (a) CS and (b) CS-QE.
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Nitrogen content in CS-QE was found to increase significantly from 1.98 to 8.15%. A large number of quarternary ammonium groups with positive charge were found to
exist in the structure of CS-QE with the zeta potential and
IR spectra analyses, which improved the phosphate removal efficiency.
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Preparation of new types of anion exchange resins from agricultural by-products and their utilization in the removal of varius toxic anions from solutions. Chem Eng J 167, 104-111.
[12] Orlando, U. S., Baes, A. U., Nishijima, W., and Okada, M.
(2002) A new procedure to produce lignocellulosic anion exchangers from agricultural waste materials. Bioresour Technol
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AN INVESTIGATION OF BOROGYPSUM UTILIZATION FOR
THE PRODUCTION OF TRIPLE SUPERPHOSPHATE
CONTAINING BORON FERTILIZERS
Rövşen Guliyev*
Ardahan University, Engineering Faculty, Department of Environmental Engineering, Ardahan, 75000, Turkey

ABSTRACT
Borogypsum, formed during the production of boric
acid, is discharged improperly or dumped into privately
constructed dams, which contributes to environmental pollution. On the other hand, production of fertilizers containing boric acid and boron is an expensive process. The utilization of the waste borogypsum in the production of boron-containing fertilizers was investigated in this study.
Fertilizers obtained from wastes are highly beneficial for
the environment, and additionally, they contain phosphorus, nitrogen, sulfur, calcium, and boron. Thus, industrial
scale production of boron-containing fertilizers from
borogypsum is an economically novel and environmentalfriendly approach. This study aims at investigating the possible utilization of borogypsum for triple superphosphate
production at the laboratory scale. The results of the study
illustrate that it is possible to use waste borogypsum for
production of triple superphosphate in a continuous-flow
process. Thus, utilization of borogypsum is not only an alternative process but also allows the protection of the environment from fluorine and borogypsum wastes.

KEYWORDS: borogypsum, phosphate, raw material, fertilizer, triple superphosphate

1. INTRODUCTION
Protection of the environment, which is gaining an increasing attention today, is possible with the recovery of
wastes from industrial applications. It is well-known that
Turkey has the largest boron reserves in the world [1]. As
a result of this, few boron-containing products and boric
acid are being produced from boron ore, which results in
generation of various wastes during the process.
About 200,000 tons of boric acid is being produced annually in Turkey. Approximately 500-600,000 tons of borogyp* Corresponding author

sum is formed during the boric acid production, which contains 3-7% B2O3 [2]. Every time, a new area is required for
its disposal, which results in additional disposal expenditures and, consequently, culminates in a large occupation
of land. In addition to that, most importantly, it pollutes the
environment. The most suitable solution for this problem is
the utilization of borogypsum, economically and efficiently,
at a place where it can be used as a raw material.
Earlier, borogypsum has been used in different fields
including cement industry [3], light weight concrete production, and ceramic industry [4]. Also, there are many efforts to utilize phospho-gypsum with certain chemicals [5,
6], but there is no report related to the utilization in fertilizer production. Even though it is reported that boron is a
necessary supply for humans, animals and plants, the exact
requirement is not yet determined. However, it has been
determined that healthy individuals can take up to 1-3 mg
of boron per day (WHO 1996, WHO 1998) [7, 8]. Boron is
also an essential micronutrient for normal growth of higher
plants. On the other hand, its toxicity is also a significant
problem that can limit plant growth [9]. The aim of this
study is to evaluate a new advanced fertilizer from borogypsum wastes to be applied in an agricultural field. The macro(N, P and K) and micro-nutrient elements play important
roles in the normal growth and development of plants.
Phosphate is an indispensable nutrient for plant growth,
which is primarily provided by mining and processing of
igneous or sedimentary phosphate rock deposits. Boron ensures the normal development of the plants, and also increases the resistance to diseases [9-12]. The lack of boron
in soil was firstly revealed in 1930s in Tasmania and New
South Wales in an apple garden [13]. Different researchers
showed that the application of fertilizers with boron in hazelnut plants resulted in decrease of empty fruits [14, 15].
Some researchers also showed that nicotine and sugar contents could be changed with addition of boron resulting in
different quality of tobacco [16]. The effect of boron on
cotton was also investigated; it was found that addition of
2 kg boron could give 11.68% increase in production [17].
In order to resolve the lack of boron, boric acid and its salts
have also been used as boron fertilizers. In addition, boron
minerals dissolved in acid have been used for production
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of boron fertilizers [18]. Economically, it is more suitable
to use industrial wastes for the production of boron fertilizers. There is no study for the production of boron fertilizers
using borogypsum. It is more suitable to add boron in normal or triple superphosphate, ammonium phosphate or other
fertilizers instead of giving it as boron salts. Therefore, this
study was aimed to consider the importance of utilizing
borogypsum in the production of triple superphosphate.

2. MATERIAL AND METHODS
The composition of borogypsum which was obtained
from the Bandırma boric acid factory in Turkey is given in
Table 1. The humidified borogypsum was air-dried, ground
and sieved to get 147 µm particle sizes, and then it was
analyzed.
The use of apatite and a mixture with phosphorite in
the production of fertilizers is well-documented [19]. The
concentrated apatite from Hibin and phosphorite ore from
Kingisepp were used as the phosphate raw material for the
triple superphosphate production. The particle size of the
phosphate raw material was 147 µm. The composition of
the concentrated Hibin apatite, Kingisepp phosphorite ore,
and the mixtures are given in Table 2. Phosphoric acid at
various concentrations was kept in a 600-ml reactor equipped
with a stirrer. It was heated to 45-50 °C, and then, varying
amounts of mixture of apatite-phosphorite-borogypsum
were added to the reactor for 1 min, followed by continuous stirring for 30 s at 100 rpm. The resulting pulp was
transferred to an oven in a beaker, and incubated at 100105 °C for 1.5 h. Finally, superphosphate was cooled down
to room temperature. Nitrogen, whole P2O5, and the humidity were determined [20].
The chamber superphosphate was granulated by using
a granulator. The quantity of boron was determined by a
volumetric method [20]. Excess acidity was neutralized by

ammonia gas. The composition of the granulated superphosphate was determined by the method described above.

3. RESULTS AND DISCUSSION
Triple superphosphate was produced by the dissolution
of various amounts of borogypsum in varying and stoichiometric amounts of phosphate-apatite mixture. In order to
determine the optimum levels, varying amounts of the
borogypsum (5-50 g in presence of 48% P2O5 and 110%
stoichiometric amount) were used. Dissolution fraction of
phosphate raw material was increased from 83.52 to 87.1%
with the addition of borogypsum in the mixture (Fig. 1) but
the amount of the used P2O5 in the obtained triple superphosphate was decreased (Fig. 2). The amount of borogypsum, added in the process, determined the level that allows
P2O5 to be useful for fertilizers. The amount of phosphor
gypsum was not more than 50 g during the investigations.
The amount of boron was appropriate, similar to the previously determined standards [21].
The effects of dissolution of different concentrations
of raw phosphate in phosphoric acid were also investigated, with the addition of borogypsum. In this case, 30 g
borogypsum was added to 100 g phosphate raw material
that was dissolved in phosphoric acid. The results of these
experiments are shown in Tables 3 and 4. The effects of
phosphoric acid concentration on the dissolution of phosphate raw material, the borogypsum mixture, and composition of the produced superphosphate are shown in Table 3.
Dissolution fraction of the phosphate raw material mixture
was increased with increase in phosphoric acid concentration (Table 3). The optimum concentration was determined
to be 48%, as there was no significant increase in dissolution with a further increase above 48%. The effects of the
amount of phosphoric acid on the dissolution of added
borogypsum in phosphate raw material and the composition of the produced superphosphate are shown in Table 4.

TABLE 1 - The average composition of the borogypsum waste.

Composition of borogypsum (%)
B2O3

SiO2

SO4

CaO

MgO

Fe2O3

Al2O3

Na2O

SrO

As2O3

Water

4.22

7.14

43.4

26.38

1.15

0.72

0.8

0.16

0.95

0.15

14.93

TABLE 2 - Compositions of apatite concentrate, phosphorite ore, and the mixtures of both.

Phosphate raw material (weight %)

Composition of the phosphate raw material (weight %)

Apatite

Phosphorite

P2O5

CaO

MgO

R2O3

CO2

F

Insoluble part

(MgO/P2O5)*100

100

-

39.0

52.00

0.15

0.95

-

3.17

1.10

0.38

-

100

28.00

42.00

2.50

3.00

4.60

2.50

12.0

8.93

60

40

34.84

48.00

1.09

1.77

1.84

2.90

5.56

3.13
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FIGURE 1 - The effect of borogypsum on the raw material of phosphate.
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FIGURE 2 - The effect of borogypsum on the amount of triple superphosphate content.
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TABLE 3 - The effects of phosphoric acid concentration on the dissolution of added borogypsum in the phosphate raw material.

Composition of Superphosphate (%)
P2O5
total

P2O5
used

P2O5
water-soluble

P2O5
free

Water

P2O5 water /
P2O5 used *100

Phosphate mixture in
superphosphate mass

Dissolution fraction of
phosphate mixture (%)

44

40.70

38.35

37.39

8.05

18.50

97.5

3.382

77.17

46

40.90

38.93

37.68

8.87

16.73

96.8

3.365

80.95

48

41.12

39.72

38.73

11.55

15.22

97.5

3.347

86.50

50

42.73

41.30

39.81

10.34

13.05

96.4

3.221

86.80

52

43.70

42.26

40.49

11.27

11.18

95.8

3.150

87.00

H3PO4, concentration
P2O5

TABLE 4 - The effects of phosphoric acid amount on the dissolution of borogypsum which was added to phosphate raw material mixture.

H3PO4, stoichiometric amount (%)

Composition of superphosphate (%)
P2O5
free

Water

P2O5 water /
P2O5 used *100

Phosphate mixture in
superphosphate mass

Dissolution fraction of
phosphate mixture (%)

36.67

9.45

14.48

96.70

3.190

78.94

38.05

10.98

14.89

97.20

3.244

82.85

39.72

38.73

11.55

15.22

97.50

3.347

86.50

41.38

40.18

39.29

12.48

15.87

97.80

3.439

88.10

41.57

40.49

39.72

13.65

16.12

98.10

3.536

89.00

P2O5
total

P2O5
used

P2O5
water-soluble

100

40.22

37.92

105

40.99

39.15

110

41.12

115
120

The borogypsum (30 g) was added to phosphate raw
material (100 g) and dissolved in 48% P2O5, together with
concentrated phosphoric acid. The dissolution fraction was
increased from 78.94 to 89% as the amount of phosphoric
acid increased (Table 4). If the amount of phosphoric acid,
which was used to dissolve the phosphate raw material, increased, the dissolution fraction also increased. Other researchers have also found similar results [21]. An increase
in the dissolution fraction upto 110% has been found. The
optimum amount of stoichiometric phosphoric acid was
110% that was most suitable when the consumed chemical
material was considered with the increased amount of
phosphoric acid.
The results showed that triple superphosphate was produced by dissolving borogypsum into 100 g phosphate raw
material in phosphoric acid; the optimum amount of phosphoric acid and optimum concentration of phosphoric acid
were 110% and 48%, respectively. The granulation process
was investigated under these optimum conditions. Granulation conditions included rpm of granulator, granulation
time, and amount of undersize product in accordance with
the suitable production conditions. The humidity of the superphosphate was 15-18% during the granulation process.
The amount of free P2O5 was higher in the granulated
superphosphate after the granulation process. Therefore, it
was neutralized with ammonia till its amount was decreased
to 3.5%. The humidity of the product was set to 3%.
The composition of the granular triple superphosphate
obtained from borogypsum that was added to phosphate

mixture, and the dissolution fractions of the raw phosphate
mixture are given in Figs. 3, 4, and 5. The increasing
amount of the borogypsum resulting with the decreasing
amount of P2O5 in the granular superphosphate composition is shown in Fig. 3. But the amount of the borogypsum
was less than 10 g in the resulting boron which was under
the standards. The positive effect of borogypsum was observed for dissolution fraction of the raw material of phosphate (Fig. 4). The amount of 30-50 g borogypsum addition
was suitable for 100 g of raw material of phosphate for this
purpose. When amount of boron is less, boric acid or boron
salts can be taken as substitutes (Fig. 4). For this reason,
addition of 50 g of borogypsum to the phosphate raw material mixture was suitable for our purpose. It was observed
that the dissolution fraction of phosphate raw material mixture was increased from 84.5 to 89.5% with increasing
amount of borogypsum, which was added during the granulation process (Fig. 5). Borogypsum added to the process
of superphosphate production affects increase of the dissolution fraction of phosphate raw material mixture and granule superphosphate in the chamber. Hence, superphosphate
production with continuous-flow and continuous-chamber
processes is a cleaner process for the environment [23].
The scheme of production of triple superphosphate
with addition of borogypsum during the apatite-phosphorite raw material mixture using a continuous chamber process is shown in Fig. 6. In the used scheme, a borogypsum
batcher was installed for production, which makes the feasibility of this process convincing for application with
small additions in triple superphosphate factories.
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FIGURE 3 - The effect of borogypsum on the amount of superphosphate in granullar P2O5.
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FIGURE 4 - The effect of borogypsum on boron and nitrogen in granular superphosphate.
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FIGURE 5 - The effect of Borogypsum on raw material of phosphate in granullar superphosphate.

FIGURE 6 - The scheme of the production of triple superphosphate with addition of borogypsum by the continous-flow method. 1-phosphoric
acid tank, 2-pump, 3-batcher, 4-flowmeter, 5-mixer, 6-superphosphate camera, 7-conveyor, 8-overwhelming, 9-elevator, 10-granulator, 11dryer, 12-fan, 13-stove, 14-sieve, 15-mill, 16-ammonizator, 17-cooler.

4. CONCLUSION
The results showed that the increasing amount of
borogypsum added to the process up to 30 g can increase
rapidly the dissolution of phosphate raw material mixture.
The dissolution fraction of the phosphate raw material was
2.6-7%, which was obtained from the addition of borogypsum into the phosphate raw material mixture in phosphoric

acid. It was higher than the dissolution fraction of phosphorite of Kingisepp. In other words, the dissolution fraction
of continuous-flow superphosphate was increased to 87%,
which allowed production of superphosphate via continuous-chamber process. Therefore, this eliminates waiting
time for maturation of the superphosphate in warehouses.
It allows granulation process to occur before transferring
superphosphate to the storage tank. It also eliminates re-

753

© by PSP Volume 24 – No 3. 2015

Fresenius Environmental Bulletin

lease of fluorinated gases into the environment during the
maturation stage of superphosphate. Therefore, reduction
in the environmental pollution caused by the fluorinated
gases during the superphosphate production is achieved by
removing the maturation stage of the superphosphate. This
study concludes that the utilization of borogypsum, a solid
waste of boric acid production process, in the production
of triple superphosphate is not only economically beneficial but also an innovation that allows prevention of environmental pollution by borogypsum and fluor. The next
study could be scaling- up of the plant with simple addition
of a borogypsum batcher to wastewater systems of boric
acid production factories.
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ABSTRACT
Hydraulic conductivity is a principal standard used to
judge whether a clay liner is able to prevent leakage of
leachates. The purpose of this investigation was to study the
changes in permeability caused by two factors. One factor
that regulates permeability of clay is the reaction that occurs
between clays and chemicals when saturated clay soils are
subjected to the permeation of heavy metal cations such as
Cu2+. The other factor influencing the permeability of clay is
the confining pressure exerted on clay samples. Hydraulic
conductivity experiments were performed using a flexible
wall permeameter in order to determine the effects of confining pressure and Cu2+ concentration on the permeability
of saturated clay soils. The experiments were performed by
varying one of two conditions in two sets of experiments: (1)
In the first set of experiments, the soil samples were subjected to different confining pressures while the permeant
concentration was kept constant; and (2) In the second set of
experiments, the permeant concentrations were varied while
the soil samples were subjected to the same confining pressure. It was observed that when the CuCl2 concentration remained constant (5.0g/L), the hydraulic conductivity of clay
soil to water/CuCl2 mixtures was slightly greater than that to
pure water. Meanwhile, when the confining pressure increased, there was a corresponding decrease in the reduction
of hydraulic conductivity. Changing the properties of the
permeant fluid had little influence on the permeability of soil
samples when the confining pressure was over 600kPa. Under conditions where the confining pressure was kept constant while the concentrations of permeant were varied, the
results showed that the void ratio and the hydraulic conductivity of soil slightly decreased when the solution concentration increased and when the CuCl2 concentration was less
than 0.5g/L. However, the opposite effect occurred once the
CuCl2 concentration increased over 0.5g/L. The test results
showed that as the permeant concentration increased, both
the void ratio and hydraulic conductivity values increased.
Finally, a novel fitting formula was derived in order to describe the relationship among hydraulic conductivity, confining pressure and solution concentration.
* Corresponding author

1. INTRODUCTION
Permeability is one of the principal standards used to
judge whether a clay liner is of capacity to prevent leakage
of either leachates or waste liquid. Thus, permeability is an
important factor to consider when evaluating whether a
liner is suitable for use as part of the containment system.
Up until now, most of the research on liner permeability
has mainly focused on the water permeability of natural
clay soil. However, when clay is used in some containment
systems, such as waste landfills or contaminated sediment
yards, the leachates that contain chemicals can flow through
natural pore passageway of clay with time going on. In this
process, the pore water of clay was gradually replaced by the
leachates. The interaction between the chemicals and clay
particles in leachate containing pores can seriously affect
the permeability of clay soil. In recent years, it has been
widely accepted the hydraulic conductivity of clays can be
strongly affected by the clay-fluid system interaction. There
have many experimental studies on the effects of chemicals
on hydraulic conductivity of geosynthetic clay liners (GCLs)
and clays [1, 2]. Some of these studies focused on inorganic
liquids [3-12], the other research focused on organic liquids [13-18], and components of leachates [19-24]. Important studies on the role of confining pressure focused on
heavy metal cation containing liquids [25-36], but the research tested object often were geosynthetic clay liners, not
natural clay liners. Compared with the studies on various
liquids and leachate components, there are a limited number of studies in the literature dealing with the effects of
heavy metal cations on the permeability of clay liners. Importantly, either upper waste accumulation or the weight of
capping can cause a clay liner to produce consolidation deformation. As a result, a change of the void ratio owing to
subjecting load will alter the permeability of clay soil.
Therefore, the chemicals of leachates that are deposited
during waste accumulation or the weight of capping are
two factors that should be taken into account. A series of
laboratory penetration experiments were carried out using
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a flexible wall permeameter to precisely measure the effects of changing of pore fluid properties and confining
pressures on the permeability of clay liner. The main focus
of this study was to determine the effects of water/CuCl2
mixtures (CuCl2 solution) and confining pressure on the
hydraulic conductivity of clay soil samples.

2. MATERIALS AND METHODS

the clay soil samples were fine grained soil. The grain size
distribution is shown in Fig.1.
2.2 Penetrants

The chemical used in this investigation was
CuCl2·2H2O crystal (analytical reagent grade, manufacture
needed) which was selected for its water solubility. Pure
water was mixed with CuCl2·2H2O crystal. The final concentrations of artificial penetrants used in experiments
were 0.5g/L, 1.0g/L, 5.0 g/L and 10.0 g/L respectively.

2.1 Characteristics of the clay soils
2.1.1 Physical properties

2.3 Preparation of experimental samples

The clay soils used in this experiment were obtained
from a building site in Huai’an City in Jiangsu province.
These soil samples were first air-dried and pulverized,
then ground sufficiently to pass through a standard sieve
(0.5 mm) and stored at room temperature in a large container before being used. The basic physical properties of
the soil samples used in this study are listed in Table 1.

A DAC-193 automatic pressure consolidation apparatus was used in this experiment (Fig.2). The samples for
the permeability testing were consolidated from slurry as
follows: Thick slurry was formed by mixing 2000g of airdried clay with 1500g of pure water. The slurry was stirred
for 10 min by an electric agitator, then covered, and kept in
a moist vessel in order to hydrate for at least 48 hours. After
this hydration period, the slurry was taken out, stirred again
for about 10 min, and poured into the mold of the slurry
consolidation apparatus. A mechanical rod vibrator was inserted into the slurry and vibrated for 5 min in order to remove entrapped air. A total vertical pressure of 95kPa was
generated by opening the draining valve (the minimum
confining pressure is chosen as 100kPa in permeation experiments) and was applied to the slurry to induce consolidation. At the completion of consolidation, the soil samples
were carefully extruded, wrapped, and stored until permeation experiments were performed (Fig.3). No significant
water content variation was observed between the top and
bottom of the consolidated sample.
This method of specimen preparation produced test
specimens with little structural variation. The samples pre-

2.1.2 Mineralogy and chemical composition

X-ray diffraction patterns were obtained using previously selected clay soil samples to study the mineralogy.
X-ray diffraction tests on the material indicated that the
minerals present in the clay soil samples were primarily
composed of kaolinite and quartz. An X-ray fluorescence
spectrometer was utilized in order to determine the chemical composition of the clay soil samples. The chemical
analysis showed the major chemical constituents of clay
were Al2Si2O5(OH)4 and SiO2.
2.1.3 Grain size distribution

The particle size of clay soil used in the test ranged
from 0.002 to 0.5 mm. This pore size range indicated that

TABLE 1 - Basic physical properties of clay soils.

Moisture content
w(%)
29.427

Density
ρ(g/cm3)
1.765

Specific Gravity
Gs
2.798

Liquid Limit
WL(%)
60.579

FIGURE 1 - Curve of grain size distribution.
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Plastic Limit
WP(%)
24.956

Plasticity Index
IP
35.622
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FIGURE 2 - Automatic pressure consolidation apparatus.

FIGURE 3 - Prepared consolidated soil sample.

FIGURE 4 - The triple type flexible wall permeameter.

pared in this way were uniform, homogeneous and saturated. This method was chosen to minimize human error.
Despite the long time required for specimen preparation,
these specimens were still ideal for indoor experiments.
2.4 Permeation experiment apparatus

A triple type flexible wall permeameter was chosen for
use in permeation experiments (Fig.4). The triple flexible
wall permeameter apparatus used in this study included a
control panel, pressure chamber, interface chamber and
pore pressure measuring system. The flexible wall permeameter has several advantages compared with the fixed
wall permeameter. The flexible wall permeameters can
provide precise measurements of pressures and flows. In
the flexible wall permeameter, the specimen is surrounded
by a thin flexible membrane which is pressed tightly
against the specimen walls preventing flow along the sides
of the specimen. The flexible wall permeameter also allows
the specimen to be saturated by backpressure, and the saturation may be checked before permeation. In addition, the
external stress state applied on the soil samples can be both
precisely measured and controlled during experiments using a flexible wall permeameter.

2.5 Permeation experiment procedure

In this investigation, permeability tests were performed to examine the effect of confining pressure and
CuCl2 concentration on the hydraulic conductivity of clay
soil samples. The first experimental situation was that
CuCl2 solution concentration remained constant while confining pressure was changed. The confining pressures were
chosen to be 100kPa, 200kPa, 300kPa, 400kPa, 500kPa and
600kPa. The specific test procedure was performed as follows: the consolidated soil specimen was first extruded
from the consolidometer and placed on top of the flexiblewall permeameter with 38mm sample diameter. Two porous stones were placed on the top and bottom of the specimen. The two plates were lightly coated with vacuum
grease. A rubber membrane was fitted to the sample with
two "O" rings. The membrane was thoroughly checked for
possible leakages by immersing it in water. Through the
application of back pressure in the flexi-wall permeameter,
soil specimens were saturated and the maximum hydraulic
conductivity was determined. First, the permeating fluid
used for the specimen preparation was used as the permeant which is pure water. The permeability experiment was
continued until the inflow was equal to the outflow.
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Twenty four hours after the inflow became equal to the outflow, the penetrant was replaced by CuCl2 solution, and the
permeability experiment was continued until the inflow
was equal to the outflow of the fluid. When the permeability tests were finished, these specimens would be removed.
The water content and density of these specimens need to
be measured. Then the void ratio was calculated. The
measured inflow and outflow were sorted out to calculate
the hydraulic conductivity. The second experimental condition was that confining pressure remained constant while
CuCl2 concentrations was varied, beginning at 0.5g/L,
1.0g/L, 5.0g/L and 10.0g/L. A confining pressure of
200kPa was applied and the specimen was allowed to further consolidate. The specific permeability procedure was
performed as mentioned previously.

3. RESULTS AND DISCUSSION
3.1 Effect of confining pressure on permeability

A series of permeability tests were performed in a
flexi-wall permeameter based on the aforementioned procedure. The confining pressures were determined at six
levels, ranging from 100kPa to 600kPa. Fig.5 shows the
variations in hydraulic conductivity over time for saturated
clay soil with 5.0g/L CuCl2 solution and pure water as permeating fluids. Examination of the experimental data
shown in Fig.5 revealed that the measured hydraulic conductivity values fluctuated with time. The values of hydraulic conductivity calculated based on the outflow rate
were mostly smaller than that calculated based on the inflow rate. This inconformity may be due to the difference in

(a) Hydraulic Conductivity with Time
for 100kPa Confining Pressure

(b) Hydraulic Conductivity with Time
for 200kPa Confining Pressure

(c) Hydraulic Conductivity with Time
for 300kPa Confining Pressure

(d) Hydraulic Conductivity with Time
for 400kPa Confining Pressure

(e) Hydraulic Conductivity with Time
for 500kPa Confining Pressure

(f) Hydraulic Conductivity with Time
for 600kPa Confining Pressure

FIGURE 5 - Hydraulic conductivity with time in 5.0g/L CuCl2 solution with different confining pressure
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the characteristics of the pore fluid and the permeating
fluid. The left sections of the vertical arrow in each figure
of Fig.5 represented the permeability test results with pure
water as the permeating fluid. Accordingly, the right section of the vertical arrow in each figure gave the hydraulic
conductivity values for 5.0g/L CuCl2 solution. The fluctuation in hydraulic conductivity values using CuCl2 solution
as permeating fluid was larger than those fluctuations seen
using pure water. This result implies that a strong interaction between soil particles and the CuCl2 solution existed.
It was also seen that the hydraulic conductivity values stabilized as time progressed.
Fig.5 shows that the characteristics of the permeating
fluid have important effects on the hydraulic conductivity
of soil samples. When the initial permeating fluid - pure
water was replaced by CuCl2 solution, the hydraulic conductivity values calculated based on the inflow and outflow
rate displayed significant differences. These differences in
conductivity values may be caused by the difference in
chemical compositions of the pore fluid and the permeating
fluid. When CuCl2 solution flowed through the soil sample,
adsorption and substitution actions occurred. The clay particles adsorbed positively charged cations in the pore solution owing to its negative charge. Furthermore, the pore
water was gradually substituted by CuCl2 solution until
reached concentration equilibrium. It is known from previous work that the substitution function can cause a change
in the intermolecular acting force, which would alter the
structure of soil samples and concomitantly the permeability of soil samples. As the permeability time increased, the
physic-chemical course of the reaction between Cu2+ and
clay particles completed. Fig.5 shows that the hydraulic
conductivity values calculated based on inflow or outflow
rate tended to be equal.
In this study, the average hydraulic conductivity was
calculated based on the data of the steady segments in the
curves of hydraulic conductivity with time, as shown in
Fig.5. The relationship curves between confining pressures, void ratio and average hydraulic conductivity are

FIGURE 6 - Relationship curves between confining pressure and
void ratio.

shown in Fig.6 and Fig.7, respectively. The test results
show that confining pressures exerted an important effect
on the permeability of clay soils. The hydraulic conductivity of the clay soils under confining pressures from 100kPa
to 600kPa decreased two orders of magnitude. This indicates that the hydraulic conductivity of clay is helpful for
its function of seepage prevention as part of the clay liner.
The experimental results shown in Fig.6 and Fig.7 indicate that both the void ratio and the hydraulic conductivity of soil samples decreased while confining pressure increased. Both the void ratio and hydraulic conductivity had
a non-linear relationship to the confining pressure, regardless of whether the permeating fluid was pure water or
CuCl2 solution. As porous medium, the pore water in clay
samples will be squeezed out when an external load is exerted on clay. This external load exerts pressure leads to a
decrease in the void ratio, and causes a further decrease in
the hydraulic conductivity. Under experimental conditions
where the confining pressure was kept constant, the hydraulic conductivity of CuCl2 solution was greater than that
of pure water. The reason for this result is mainly related
to the characteristic electrical charges carried by clay particles. Clay particles have negative charges, so they can adsorb positively charged Cu2+ ions. Cu2+cations adsorbed in
the surface of clay particles react with clay particles. Thus
there are some changes in soil samples initial structure,
physical and mechanical properties, that lead to an increase
in hydraulic conductivity. However, when confining pressures increase, the soil samples increase in density. In addition, the effective specific area that can adsorb Cu2+cations gradually decreases. The interaction between soil particles and Cu2+cations becomes weak as the confining pressure increases, meaning that the effect of Cu2+cations on
hydraulic conductivity is relatively small. Previous research determined that fluid characteristics have little effect on the hydraulic conductivity of soil sample with
higher confining pressure. In this study the value of higher
confining pressure was 600kPa.

FIGURE 7 - Relationship curves between confining pressure and
permeability.
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(a) pure water as permeating fluid

(b) 0.5g/L CuCl2 solution as permeating fluid

(c) 1.0g/L CuCl2 solution as permeating fluid

(d) 5.0g/L CuCl2 solution as permeating fluid

(e) 10.0g/L CuCl2 solution as permeating fluid
FIGURE 8 - Hydraulic conductivity with time in 200kPa confining pressure with different CuCl2 solution.

3.2 Effect of solution concentration on permeability

The second experimental condition regulating hydraulic conductivity was the solution concentration. The confining pressure used in these experiments was 200 kPa,
while the CuCl2 solution concentrations were 0.5g/L,
1.0 g/L, 5.0 g/L and 10.0 g/L respectively. Fig. 8 shows
the curves of hydraulic conductivity over time for saturated
clay soil under 200kPa of constant confining pressure with
using different concentrations of CuCl2.
Fig. 8 shows the variation of soil sample hydraulic
conductivity over time of using different CuCl2 concentrations. It can be seen that the fluctuation of hydraulic conductivity values became larger when the CuCl2 concentration increased over 0.5g/L. These test results illustrate the
effect of various cation concentrations on soil structure,
which is that the change in hydraulic conductivity at high
cation concentration was more obvious than that at lower
cation concentrations.

In this study, the average hydraulic conductivity was
calculated based on the aforementioned calculation method,
and the void ratio was calculated by virtue of water content,
density and the specific weight of soil samples. Fig. 9 and
Fig. 10 show the relationship curves between void ratio,
CuCl2 solution concentration and the average hydraulic
conductivity. The experimental results in Fig. 9 and Fig. 10
show that the variation trend was similar for both the void
ratio and the hydraulic conductivity of soil samples using
different CuCl2 concentrations. The void ratio and hydraulic conductivity values of soil samples appeared to slightly
decrease at first and then gradually increased as the CuCl2
concentration increased. However, the overall trend was
that the hydraulic conductivity values continually increased.
The initial condition of soil samples was assumed to be same
for the permeability test. When the CuCl2 solution permeated through soil samples, the specific area in contact with
soil particles maintained invariant. When the CuCl2 solution concentration was 0.5g/L, the physical adsorption that
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occurred was predominately between Cu2+ ions and negatively charged clay particles. Cu2+ cations adsorbed to the
surface of clay particles caused a block in the pore passageway. Pore blockage led to a narrowing of the pore passageway. The void ratio and hydraulic conductivity values of
soil samples significantly decreased after the pore passageways narrowed. However, the quantity of Cu2+ cations reacted with clay particles increased as the CuCl2 concentration increased. It appeared that the thickness of a diffuse
electric double layer became thinner, and condensation occurred among clay particles. Thus, the width of pore passageway allowing fluid flow through became wider. This
change of effective pore space of soil samples enhanced the
soil permeability. The phenomenon became more apparent
when the cation concentration of this solution increased. A
recent report reached similar conclusions based on fixedwall permeameter measurements without applying confining pressure [28, 31]. The report also determined that the
hydraulic conductivity of soil samples increased with as the
number of Cu2+ cations. This finding is accordance with the

FIGURE9 - Relationship between CuCl2 solution concentration and
void ratio.

test results in this investigation based on data obtained using a flexi-wall permeameter.
3.3 Relationship among hydraulic conductivity, confining
pressure and solution concentration

Hydraulic conductivity is not only related with the
confining pressure, but also closely related with the concentration of the osmotic solution from the aforementioned
test results. These results provide a quantitative method for
predicting the permeability of saturated clay soils with permeant CuCl2 solution fluid of different concentrations. The
experimental results shown in Fig.11 were used to determine the relationship among hydraulic conductivity,
confining pressure and solution concentration. The fitting formula is written as following: e=112.8-113.8c/c0+
20.47lg(k/k0)-14.81 lg(k/k0)·(c/c0). Fig. 11 shows once two
of the three parameters are known, then the other parameter
can be obtained. The results have important meaning for
evaluating the impervious ability of clay liners.

FIGURE 10 - Relationship between CuCl2 solution concentration
and hydraulic conductivity.

Line chart based on experimental data

The fitting curve based on the experimental data when the concentration of CuCl2 exceeds 0.5g/L

FIGURE 11 - Relationship among hydraulic conductivity, confining pressure and solution concentration.
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ABSTRACT
This study was conducted to determine the effects of
sewage sludge (SS) used as fertilizer at different concentrations (control, 20 kg ha–1 nitrogen (N), 30, 60 and 90 ton
ha–1 SS, 20 kg ha–1 N + 30 ton ha–1 SS, 20 kg ha–1 N + 60
ton ha–1 SS and 20 kg ha–1 N + 90 ton ha–1 SS) on lucerne
yields and chemical features. For this purpose, an increasing level of SS was applied to the soil samples. The residuals of some heavy metal (Hg, Cr, Fe, Ni, Zn, Mn, Pb, Cu,
Co, and Se) and macro element (K, Ca, Na, Mg, C, and S)
concentrations were measured in the plants and soils.
According to the results of this study, SS, when applied to soil in increasing amounts, raised the mineral matter contents of the plants, which favorably affected plant
growth. Consequently, it affected the herbage yield, increasing the yield in parallel with the increasing SS concentrations. Applying N with the SS positively influenced the
heavy metal contents of the lucerne and residue in the soil.
Additionally, the heavy metal contents were found at below critical levels in both the soil and plants. Therefore, SS
application as fertilizer used in appropriate concentrations
did not pollute the soil very much, but did lead to an increase in plant products.

of sludge used in agriculture, the average concentration of
N and P as dry weight is 2% and <1%, respectively, while
the total solids is 3.4% [3, 4]. Many researchers assume
that the production of SS will increase in future because of
the treatment requirements connected to actual regulations
(particularly in Europe) and new wastewater treatment
plant construction in emerging countries [5, 6]. Moreover,
the level of industry development is an important factor in
determining the extent of heavy metal accumulation and
the level of pollution in some fields [7]. The evaluation of
heavy metal accumulation in plants is one of the most accurate criteria regarding environmental pollution [8, 9].
The accumulation of heavy metals in agricultural soils is of
increasing concern because of food safety, potential health
risks, and its detrimental effects on soil ecosystems [9-11].
Since SS contains high concentrations of potentially toxic
elements (PTEs) problem may arise when sludge is applied
to an agricultural soil [12, 13], and heavy metal accumulation in plant tissues may occur [14].
The purpose of our study was to determine the effects
of sewage sludge on the contents of some macro elements
in lucerne plants and in the soil, and to detect the possible
accumulation of heavy metals in the soil.

2. MATERIAL AND METHODS
KEYWORDS:
Forage, heavy metal, ICP-OES, lucerne, nutrient

2.1 Agronomic procedure

1. INTRODUCTION
Sewage sludge (SS) is used at a rate of 36% in agricultural lands in EU Countries [1]. Using SS as fertilizer is regarded as an important approach, not only with respect to
recycling nutritional elements, but also with respect to the
disposing of SS [2]. According to the American standards
* Corresponding author

In this study, SS was utilized as fertilizer and lucerne
(Medicago sativa L.) was used as plant material. The PTEs
limit values that are permitted in the USA and EU countries, and in the Regulation for the Use of Urban and Municipal Sewage Sludge on Soil (RUUMSSS) in Turkey for
the use of SS in soil and heavy metal analyses results of SS
obtained from the Waste Water Sewage Facilities of the
General Directorate of the Water and Sewerage Administration of the Diyarbakir Metropolitan Municipality are given
in Table 1 [15-20]. The experiment was designed as a pot
experiment with 3 replications in the greenhouse. There
were 3 pots per treatment and a total of 24 pots were used.
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TABLE 1 - Heavy metal analyses results of sewage sludge (SS) obtained from the waste water sewage facilities of the general directorate of the
water and sewerage administration of Diyarbakir metropolitan municipality, and the permitted limit values for SS-amended soil (mg kg–1,
dried substance)
Country

Cr

Cu

Hg

Ni

Pb

Zn

Hamburg Stadtentwasserung*
USA (EPA)**

46.6

129.5

2.9

62.5

38.0

754

420
400
300
300

840
1200
750
1500

7500
4000
2500
3000

3000
4300
57
1750
25
EU***
1000
1000
10
Turkey****
1500
1200
10
Turkey*****
* Administration of Diyarbakir Water and Sewerage [21]
**Limited use. Cannot exceed a certain loading ratio annually (USA/EPA530),[41]
***Maximum values recommended in member states (86/278/EEC, 2009) [5]
****Maximum heavy metal content permitted in SS-amended soil, pH 6.0–8.5 [15]
*****Ten years in the soil.

TABLE 2 - Certain physical and chemical features pertaining to SS used as fertilizer [20, 21]
Parameters

Test results

Color
Odor
Density
pH
Organic matter
Salinity
Total solidity
Volatile solidity
Total phosphorus
Total potassium
Total nitrogen

Dark brown
Moldy
Solid
6.45
65.4
0.048
39.5
50.8
5710
346.8
1600

As fertilizer, SS compost was provided by the Waste Water
Sewage Facilities of the General Directorate of Water and
Sewerage Administration of the Diyarbakir Metropolitan
Municipality of Turkey. Some features of the SS compost
are given in Table 2 [21].
We divided 32 pots into 8 groups: The control group
was not given any fertilizer into the soil, group N was given
20 kg ha–1 N fertilizer, group S1 was given 30 ton ha–1 SS,
group S2 was given 60 ton ha–1 SS, group S3 was given 90
ton ha–1 SS, group N+S1 was given 20 kg ha–1 N fertilizer
and 30 ton ha–1 SS, group N+S2 was given 20 kg ha–1 N fertilizer and 60 ton ha–1 SS, and group N+S3 was given
20 kg ha–1 N fertilizer and 90 ton ha–1 SS [22]. All of the
pots were irrigated regularly, at 7–10 day intervals. Cuts
were made when plants reached the 10% flowering stage,
at which time, all of the plants were harvested close to the
soil surface. The data were obtained from the average of
3 cuts. After harvesting, the green herbage yields were
weighted. Next, the harvested plant samples were washed
with distilled water and dried at 70 °C until reaching a stable
weight, and their dry weights were recorded. Finally, the dry
herbage was ground with a mill for chemical analysis. A
MWS-2 model microwave solubilization system was used in
the preparation of the samples for analysis. The soil used in
the pot (dimensions: 51 cm high and circumference 30, and
36 lt) experiments had a loamy structure, unsalted (soluble salt
content 0.073%), middle alkali (pH 7.8) and lime (7.81%),

Unit

Method

%
%
%
%
mg kg–1 TS
mg kg–1 TS
mg kg–1 TS

DIN EN ISO 7887
DIN 38 403-B1/2
Sensonical
DIN 38 414-S2
DIN 38 414-S3
DIN EN ISO 11885
DIN 19684-4

low organic matter (1.67%), and it contains 100.2 kg ha-1 N,
972.3 kg ha-1 K2O and 4.2 kg ha-1 P2O5 [20].
Statistical analysis was carried out using the SPSS
software. Statistically, the different results were analyzed
using Duncan multiple range test. Statistical significance
was considered at P < 0.05. Variables were reported as the
mean ± standard deviation (SD).
2.2 Chemical procedure

Reagents: HNO3, HCl, and H2O2 solutions were all of
AnalaR grade. The standard solutions of various elements
and Lucerne sample solutions were prepared by using bi
distilled water. The accuracy of the method was studied by
examining the Standard Reference Materials Tomato
Leaves-1573a. None of them contains all of the elements.
For quantitative analysis, the element Standard solutions
used for calibration were prepared by diluting a stock solution of 1000 mg/L of the given element supplied by Sigma
and Aldrich and stored in polyethylene bottles. All the plastic and glassware were cleaned by soaking them in dilute
HNO3 (1+9), and were rinsed with distilled water and dried
before use [23].
Instruments: The inductively coupled plasma-optical
emission spectrometer (ICP-OES) used was a Perkin Elmer
Optima 2100 DV with an axial viewing configuration. Details of the operating conditions are summarized in Table 3.
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TABLE 3 - Instrumental details and operating conditions for ICP
OES optima 2100 DV

View
Optical system
Power/W
Plasma gas flow/L min–1
Auxiliary gas flow/L min–1
Detector
Sample flow rate/mL min–1
Nebulizer nebulizing chamber
Nebulizer

Axial view
Echelle
1450
15
0.2
Liquid state detector
1.5
Cyclonic
Concentric glass (Meinhard), Type A

TABLE 4 - Instrumental operating parameters for FAAS (in emission)

Parameters
Wave length (nm)
Slit width (nm)
Acetylene flow rate (L/min)
Air flow rate (L/min)
Background correction

Na
589.0
0.2
0.5
4.0
Off

K
766.5
0.2
0.5
4.0
Off

Ca
422.7
0.2
0.5
4.0
Off

A Model ATI UNICAM 929 (UNICAM, England) flame
atomic absorption spectrometry (FAAS), equipped with
ATI UNICAM hollow cathode lamps, was used for the
sample analysis. The measurements were carried out in an
air/acetylene flame. The operating parameters for working
elements were set according to the recommendations of the
manufacturer. The optimum instrumental conditions are
given in Table 4. From time to time, FAAS measurements
were also performed to check the reliability of the data. Microwave MWS-2 closed vessel microwave system (max.
temperature: 260 °C) was used for microwave digestion.
Analyze of lucerne samples: Lucerne samples were
analyzed for their concentrations of Hg, Cr, Fe, Ni, Zn, Mn,
Pb, Cu, Co, Se, K, Ca, Na, Mg, C, and S.
Digestion procedures: Two types of digestion procedures were applied to the lucerne samples: wet digestion
(with HNO3-HCl) and microwave digestion (with HNO3H2O2 in the microwave oven). The precision was calculated on 3 replicates for all of the digestion procedures.
In this study, we standardized a dissolution procedure
using HNO3 and H2O2 for the determination of Hg, Cr, Fe,
Ni, Zn, Mn, Mg, Pb, Cu, Co, and Se using the ICP-OES.
Na, Ca, and K were analyzed by emission using FAAS. S
and C were analyzed with an ELTRA CS 500 carbon/sulfur

determinator. The working conditions and instrumental parameters of the 2 techniques are summarized in Tables 4
and Table 5.
Analysis of the SRMs: The SRMs, Tomato Leaves1573a, were brought into the solution following the improved dissolution method and analyzed. As can be seen in
Table 5, the microwave-assisted digestion results are found
to be in good agreement with the certified values.
Calibration: For calibration, standard solutions were
prepared from the stock standard solutions of 1000 µg g-1
by dilution and with %1 HNO3. The ranges of the calibration curves (7 points) were selected to match the expected
concentrations (0-5 µg g-1) for all the elements of the sample investigated by ICP-OES. Linearity was checked in the
range of 0-40 µg g-1 . Detection limits were calculated as
the concentrations of an element that gave a signal equal to
three times the standard deviation of a series of ten successive measurements of the blank solution at the element
peak [24].
Other chemical and physical features of our SS are
given in Table 2 [20]. Furthermore, radioactivity analysis
of this SS was conducted by the Turkish Atomic Energy
Authority and it was reported that the radioactivity values
were found to be within natural radiation levels and there
was no problem using SS.

3. RESULTS AND DISCUSSION
The effects of different concentrations of SS applied to
soil on the green and dry herbage weights of lucerne are
given in Table 6. As shown in Table 6, the SS treatments had
a significant effect on the green and dry herbage weights of
lucerne. The highest green herbage (59.71 g pot-1) and dry
herbage (16.91 g pot-1) weights were obtained from the
N+S3 application, followed by N+S1, N+S2, S3, S2, S1, and
N, respectively. The lowest green herbage (36.47 g pot-1)
and dry herbage (9.93 g pot-1) weights were obtained from
the control group, which did not receive any fertilizer. It
was determined that increasing the concentration of SS and
the addition of N increased the herbage and dry yields.

TABLE 5 - Accuracy assessment through analysis of the tomato leaves-1573A (µG G–1, DRY WT.)

Tomato Leaves-1573a
Element
Cu

a

Tomato Leaves-1573a

Certified
4.70 ± 0.14a
a

Foundc

Element

Certified

Foundc

4.68 ± 0.09d

Na

136 ± 4

137 ± 0.21
2.69 ± 0.03

Mn

246 ± 8

248 ± 2

K*

2.70 ± 0.05

Cr

1.99 ± 0.06a

1.98 ± 0.08

Ca*

5.05 ± 0.09

Fe

368 ± 7a

366 ± 0.87

Mg*,nc

Co

0.57 ± 0.02a

0.57 ± 0.01

Se

0.054 ± 0.003

0.055 ± 0.001

Zn

30.9 ± 0.7

31.5 ± 0.8

Hg

0.034 ± 0.004

0.032 ± 0.001

Ni

1.59 ± 0.07
b

1.2

S*,nc

1.56 ± 0.02
c

d

0.96
nc

*: In %, : informative value, : indicative value, : average of 3 determinations, : mean ± SD, and : not certified
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TABLE 6 - Effect of different concentrations of SS on green herbage
and dry weight (g pot-1)

Concentration
Green herbage
Dry herbage
Control
36.47f
9.93e
N
39.58e,f
10.60d,e
11.56d,e
S1
42.89d,e
S2
44.06c-e
12.20c,d
S3
47.38b-d
13.21b,c
N+S1
52.71b
14.58b
N+S2
49.26b,c
14.21b
N+S3
59.71a
16.91a
Average
46.51
12.90
*
6.14**
1.64**
LSD 5%
C.V.
7.54
7.25
*,**Significance at P ≤ 0.05 and P ≤ 0.01, respectively; NS: Non significant
***Means in a column followed by the same letter are not significantly
different according to the LSD test.

Since SS contains organic substances at a ratio of 50–
70% and plant nutrients in important concentrations in dry
material, it has recently been regarded as an important
source of extraordinary soil organic substance and organic
fertilizer. It has been reported that the plant nutritional
value of SS is similar to that of stable manure and organic
compost [25], and that it contains major and minor nutrients, and valuable trace elements essential to animals and
plants. Therefore, SS, along with extra N, can contribute to
an increasing plant yield. Some researchers reported that
sludge amendment (80, 130, and 160 t ha–1) increased the
average dry weight of sunflower plants (Helianthus annus
L.) compared to those grown in unamended soil [26].

Moreover, the yield of maize and barley were also enhanced because of sludge application. In another study, the
use of SS resulted in more robust flax (Linium usitatissimum) plants, with faster development and greater biomass
production [27]. They also reported faster development
and significant root and shoot biomass production of cotton
(Gossypium hirsutum L.) grown on sludge-amended soil
[28]. Other researchers informed that when apply the sewage sludge into the maize, yield increase depending on the
rising sewage sludge, but it is not enough for growing of
plant and maize needs to extra nitrogen [29]. Another researcher found that the grass biomass was increased and
the grass-growing season was longer [30]. In a study was
conducted with rape (Brassica napus L.) using different
sewage sludge doses (0, 40, 80, 120 and 160 t ha-1). According to the results of this research, plant dry weight,
plant nutrient content and heavy metal content increased
with increasing sludge application [31]. Our findings were
similar to those in previous studies.
Data with regards to some elements and heavy metals
determined within the plant structure at the end of the SS
applications are given in Table 7, where the results obtained are as follows. In general, the highest plant uptake
of elements was from the S3 application, except for Ca and
Fe, and its value decreased with additional N, except for
Na and Fe. The highest plant uptake of Ca and Fe was from
the N+S3 application. The Na and Fe values slightly decreased without additional N.

TABLE 7 - Macro elements and heavy metal contents in the plants

K
Ca
Na
(mg kg–1)
(mg kg–1)
(mg kg–1)
Control
130.5 ± 1.5
87.6 ± 0.5
67.6 ± 1.3
N
133.4 ± 1.7
76.6 ± 2.1
66.5 ± 0.8
S1
264.3 ± 3.9
112.7 ± 0.5
110.2 ± 7.5
S2
365.0 ± 5.1
145.7 ± 2.3
136.6 ± 12.4
S3
467.3 ± 6.0
192.8 ± 4.7
196.6 ± 25.3
N+S1
271.4 ± 4.2
113.7 ± 2.9
109.9 ± 7.4
N+S2
376.6 ± 4.8
145.9 ± 2.1
134.6 ± 19.5
N+S3
400.6 ± 5.2
196.2 ± 1.7
194.3 ± 22.5
Hg
Cr
Fe
Concentration
(mg kg–1)
(mg kg–1)
(mg kg–1)
Control
N.D.
0.11 ± 0.01
49.7 ± 7.1
N
N.D.
0.12 ± 0.04
42.2 ± 3.7
S1
N.D.
0.24 ± 0.07
80.3 ± 13.8
S2
N.D.
0.35 ± 0.14
126.3 ± 15.7
S3
N.D.
0.39 ± 0.10
142.7 ± 26.9
N+S1
N.D.
0.21 ± 0.08
86.3 ± 8.3
N+S2
N.D.
0.34 ± 0.15
123.7 ± 22.4
N+S3
N.D.
0.37 ± 0.13
156.0 ± 24.1
Pb
Cu
Co
Concentration
(mg kg–1)
(mg kg–1)
(mg kg–1)
Control
N.D
0.11 ± 0.04
N.D
N
N.D
0.11 ± 0.01
N.D
S1
0.63 ± 0.02
0.24 ± 0.09
0.11 ± 0.01
S2
1.27 ± 0.09
0.29 ± 0.10
0.14 ± 0.03
S3
1.68 ± 0.21
0.35 ± 0.14
0.18 ± 0.06
N+S1
0.67 ± 0.02
0.22 ± 0.10
0.10 ± 0.02
N+S2
1.29 ± 0.04
0.26 ± 0.09
0.14 ± 0.02
N+S3
1.65 ± 0.29
0.32 ± 0.11
0.17 ± 0.06
Values are the average of 3 cuts and repetitions; ND: undeterminable.
Concentration
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Mg
(mg kg–1)
33.5 ± 3.5
23.8 ± 2.7
42.8 ± 3.9
58.9 ± 6.7
78.3 ± 4.0
41.1 ± 1.2
54.6 ± 2.8
69.9 ± 1.2
Ni
(mg kg–1)
1.3 ± 0.4
1.4 ± 0.9
7.4 ± 1.0
9.7 ± 1.3
14.9 ± 3.2
7.3 ± 1.4
9.5 ± 1.8
14.2 ± 0.4
Se
(mg kg–1)
1.3 ± 0.6
1.4 ± 0.2
2.1 ± 1.1
2.7 ± 0.9
3.8 ± 0.4
2.2 ± 0.2
2.7 ± 0.8
3.5 ± 0.2

C
(%)
59.4 ± 0.1
59.3 ± 0.4
59.6 ± 0.2
59.9 ± 0.5
62.9 ± 0.8
59.4 ± 0.4
59.9 ± 0.1
61.0 ± 0.4
Zn
(mg kg–1)
6.1 ± 0.9
6.1 ± 0.7
12.7 ± 1.2
16.1 ± 3.5
30.8 ± 3.6
12.3 ± 1.1
16.7 ± 2.2
29.8 ± 3.9

S
(%)
0.21 ± 0.01
0.23 ± 0.02
0.24 ± 0.02
0.31 ± 0.01
0.35 ± 0.06
0.23 ± 0.02
0.30 ± 0.03
0.33 ± 0.02
Mn
(mg kg–1)
15.4±0.7
11.5±2.4
25.6±2.7
39.6±4.5
55.4±6.5
23.8±3.2
35.5±2.6
51.6±4.9
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TABLE 8 - Residues of macro elements and heavy metals in the soil

Ca
K
(mg kg–1)
(mg kg–1)
Control
394.2 ± 11.7
197.6 ± 2.5
N
401.5 ± 19.1
196.5 ± 3.1
S1
699.7 ± 33.5
310.8 ± 6.9
S2
910.9 ± 45.8
445.1 ± 12.4
S3
1267.3 ± 46.0
595.2 ± 24.5
N+S1
710.4 ± 34.2
313.4 ± 5.9
N+S2
914.3 ± 44.8
443.2 ± 18.1
N+S3
1292.6 ± 45.2
596.4 ± 12.6
Hg
Cr
Concentration
(mg kg–1)
(mg kg–1)
Control
N.D
0.45 ± 0.04
N
N.D
0.46 ± 0.13
S1
N.D
0.69 ± 0.28
S2
N.D
0.79 ± 1.28
S3
0.05 ± 0.01
1.19 ± 2.46
N+S1
N.D
0.67 ± 0.47
N+S2
N.D
0.75 ± 0.89
N+S3
0.03 ± 0.01
1.18 ± 2.37
Pb
Cu
Concentration
(mg kg–1)
(mg kg–1)
Control
N.D
1.11 ± 0.09
N
N.D
1.10 ± 0.12
S1
2.63 ± 0.82
2.24 ± 0.69
S2
5.12 ± 0.89
4.89 ± 0.79
S3
7.19 ± 1.31
6.95 ± 1.19
N+S1
2.14 ± 0.72
2.19 ± 0.81
N+S2
4.87 ± 0.94
4.87 ± 0.77
N+S3
6.98 ± 1.25
6.75 ± 1.01
Values are the average of 3 cuts and repetitions; ND: undeterminable

Na
(mg kg–1)
147.2 ± 4.3
149.4 ± 6.8
268.3 ± 7.9
371.6 ± 9.2
516.4 ± 25.8
275.9 ± 15.4
374.6 ± 17.5
523.8 ± 25.3
Fe
(mg kg–1)
115.7 ± 8.2
111.3 ± 5.1
596.3 ± 23.9
776.9 ± 25.9
967.4 ± 39.5
581.4 ± 19.2
775.2 ± 35.5
959.4 ± 42.4
Co
(mg kg–1)
0.21 ± 0.04
0.20 ± 0.01
0.71 ± 0.21
1.26 ± 0.15
1.98 ± 0.59
0.69 ± 0.18
1.24 ± 0.59
1.97 ± 0.68

Concentration

Based on the analysis of Table 7, it was observed that
the amount of elements transferred into the plant increased
along with the rise in waste sludge, and through the N application, the amount of these elements was determined to
be higher when compared to the controls. Moreover,
through an additional N application with SS, a decrease
was observed for the elements, except for Ca, and Fe, incorporated into the plant parts. The uptake decrease of particularly heavy metals is of utmost importance in reducing
the metal content within the plant.
The elements such as Mn, Fe, Cu, Zn, and Ni of the
heavy metals are required nutrients for high plants. For example, normal concentrations of heavy metals like Cu and
Zn are required for the metabolic processes of plants [32].
No matter whether it is necessary for the plant or not, excessive heavy metal accumulation in tissues and organs
cause a toxic effect and eventually the plant dies [32].
Heavy metal accumulation in plants negatively affects
transpiration, photosynthesis, enzyme activities, germination, and protein synthesis [33, 34]. Although there are no
treatment facilities for sludge within the treatment plants,
the results indicated that sludge, in general, is clean of
heavy metals [35]. According to their work, only Zn and
alternative oxidase (AOX) showed anomalous concentrations; more than 85% of sludge samples showed that averages of Zn and AOX are 2.000 mg kg–1 and 550 mg Cl kg–
1
, respectively, which exceed the standards of all industrial
countries for sludge to be used in land applications.

Mg
(mg kg–1)
78.5 ± 4.7
69.7 ± 3.1
102.5 ± 8.4
139.5 ± 11.7
158.4 ± 14.8
100.9 ± 5.5
134.4 ± 7.6
154.3 ± 8.2
Ni
(mg kg–1)
11.2 ± 0.9
11.7 ± 0.7
22.4 ± 2.1
35.7 ± 1.9
43.7 ± 2.4
22.6 ± 0.2
35.3 ± 0.6
42.9 ± 1.3
Se
(mg kg–1)
3.4 ± 0.6
3.4 ± 0.9
5.1 ± 1.5
5.7 ± 0.9
6.2 ± 0.6
5.0 ± 0.9
5.4 ± 1.1
6.1 ± 1.0

C
(%)
60.8 ± 0.1
60.3 ± 0.4
69.6 ± 0.3
70.1 ± 1.1
72.4 ± 0.7
69.2 ± 0.4
70.9 ± 0.7
72.5 ± 1.2
Zn
(mg kg–1)
21.9 ± 4.2
19.2 ± 7.5
45.6 ± 3.5
71.8 ± 2.9
98.4 ± 4.1
32.3 ± 2.1
58.7 ± 3.2
71.2 ± 9.4

S
(%)
1.35 ± 0.85
1.33 ± 0.55
2.24 ± 0.89
2.81 ± 0.41
3.14 ± 0.99
2.20 ± 0.63
2.79 ± 1.85
3.03 ± 0.78
Mn
(mg kg–1)
53.2 ± 1.9
50.9 ± 2.8
175.7 ± 6.6
203.4 ± 7.5
234.6 ± 25.3
173.5 ± 14.8
201.4 ± 18.2
233.1 ± 21.3

On the other hand, contrary to our study, in some areas,
heavy metals were found at high concentrations in the plant
tissues of products grown in soil fertilized with SS [36-38].
Singh and Agrawal, for example, reported that the increased concentration of heavy metals in soil due to SS
amendment led to increases in the heavy metal uptake,
shoot, and root concentrations of Ni, Cd, Cu, Cr, Pb, and
Zn in plants compared to those grown on unamended soil
[39]. Their study concluded that the SS amendment of soil
when growing palak (Beta vulgaris var. Allgreen H-1) may
not be a good option due to the risk of Cd, Ni, and Zn contamination, as well as the decrease of yield at a higher mixing ratio.
The measurements performed at the end of the applications with regard to element residues in the soil are seen
in the Table 8. The effect of the SS applications on soil
pollution is already known. Therefore, the accumulation of
heavy metals in soil above the permitted limits is a major
reason for banning such applications. When the results in
Table 8 were analyzed, it was observed that the heavy
metal content determined in the soil was within the specified limits. In addition, when SS with N was applied to the
soil, the heavy metal contents were decreased, which was
remarkable conclusion.
As is known, to guarantee and safeguard hygienic
standards and prevent adverse effects on human health, environmental quality must be given the highest priority.
Among the many reservations of those who oppose sludge
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amendment, one of the main concerns is the long-term
buildup of heavy metals in the soil [40]. Over time, metals
such as Pb, Zn, and Cu could build up to levels high enough
to damage agricultural soils [41]. Even though the use of
sludge on agricultural land is largely dictated by nutrient
content (N and P), the accumulation of PTEs in SS is an
important aspect of sludge quality, which should be considered in terms of long-term sustainable use of sludge on
land [42].
Researchers applied 0, 15, 30, 60, 120, and 150 t ha−1
SS concentrations in native grasses, zoysia grass (Zoysia
japonica) and annual bluegrass (Poa annua). According to
their study, the nutrient content of the soil, especially the
organic matter, was increased after the SS application [30].
Heavy metal concentrations in the soil also increased; however, the Zn content did not exceed the stringent environmental quality standard for soil. Pb and Cu were at acceptable concentrations according to the standard for B-grade
soil, but the Cd concentration in the SS-amended soil exceeded the acceptable limit. Similar conclusions were determined in ryegrass (Lolium perenne L.) [43]. Additionally, according to those researchers, the application of SS
with N increased the phosphorus, organic matter, and cation exchange capacity of soil [37]. However, it was reported that the soil bulk density decreased [43-45]. Moreover, while some heavy metals, such as Pb, Cd, As, and
Hg, were determined at high concentrations in some plants,
but their values were reported at the permitted limits in the
soil [34,47], some of them, such as Cu, Ni, Cr and Co, were
measured at more than the normal level, or at the limit [47].
The results of the analyses that were conducted with
the aim of determining how heavy metal levels affect the
growth of lucerne when SS is used as a fertilizer are given
in Tables 7 and Table 8. Heavy metals can be harmful due
to their potential accumulation in different tissues of humans. Even in low concentrations, heavy metals have detrimental health effects, because they are non-biodegradable and persistent in nature [8].
The permitted level of Cr in SS in Turkey is 1000 mg
kg–1, which is much higher in comparison with that permitted in the USA and EU. In this study, the Cr content of the
waste sludge used in our study was 46.6 mg kg–1, which is
quite low for this toxic metal. Moreover, this value was determined at a very low level in the soil at the end of this
study (0.45-1.19 mg kg-1). In the N+S3 application, N applied with SS had a positive affected on the Cr content in
the soil. In addition, there was no statistically significant
variation in the P, K, Ca, Ni, Cr, and Cd concentrations in
plants with the SS application conducted by other researchers [3,48].
Cu (II) ions are water-soluble, where they function at
low concentrations as bacteriostatic substances, fungicides,
and wood preservatives. The high concentration of Cu take
part in horticultural soils may be due to an excessive use of
agrochemicals, such as fungicides utilized by farmers in
agricultural soils, especially irrigated land [49]. In sufficient amounts, they are poisonous to higher organisms; at

lower concentrations they are an essential trace nutrients to
all higher plant and animal life. In animals, Cu is mainly
found in the tissue, liver, muscle, and bone. The permitted
level of Cu in SS in Turkey is 1000 mg kg–1. The Cu content of the waste sludge used in our study was 129.5 mg
kg–1, which is quite low for this toxic metal. Similar results
were obtained in comparison to the Cr content in this study.
Hg is a very toxic element and is known to create an
inhibitor effect. The permitted level of Hg in SS in Turkey
is 10 mg kg–1. The Hg content of the waste sludge used in
our study was 2.9 mg kg–1. According the literature, plants
tend to uptake heavy metals according to their increasing
concentrations and soil features play an important role in
this. Hg ranks last place in the solubility order of heavy
metals [50]. It has been reported that with SS application,
the Hg content in wheat remains below the RUUMSSS
standard in plants and soil [15].
Although Ni is used very commonly in the production
of alloys, extended exposure to Ni compounds. Nickel occurs naturally more in plants than in animal flesh. In very
trace amounts, it may be beneficial to activate some enzyme systems, but its toxicity at higher levels is more
prominent [9]. The permitted level of Ni in SS in Turkey is
300 mg kg–1. The Ni content of the waste sludge used in
our study was 62.5 mg kg–1. In contrast to the results of our
study, another study concluded that the application of vegetable-originated organic fertilizer to pots where SS was
applied reduced the intake of heavy metals such as Zn, Ni,
and Cd [25]. Researchers reported that the application did
not have a great impact on the Co and Ni contents in the
soil where was grown maize [3].
Pb, at certain exposure levels, is a poisonous substance
to animals as well as for human beings. It damages the
nervous system and causes brain disorders. Excessive Pb
also causes blood disorders in mammals. Like the element
Hg, another heavy metal, Pb is a neurotoxin that accumulates both in soft tissue and bone. The permitted level of Pb
in SS in Turkey is 750 mg kg–1. The Pb content of the waste
sludge used in our study was 38 mg kg–1, which is quite
low for this toxic metal. In this study, although the mean
concentration of Pb is high in the soil, they are low in the
lucerne plant. There are differences in the crops ability to
absorb or accumulate heavy metals. Such differences can
occur between plant and soil [51].
Zinc is a basic element that is needed by all organisms
including plants, animals and microorganisms in trace
amounts. It has enzyme activation function in protein and
carbohydrate metabolism, and forms active sites of metalloenzymes, such as DNA and RNA polymerases [52]. On
the other hand, although Zn is an element that is used in
galvanizing, its intoxication is deadly. The permitted level
of Zn in SS in Turkey is 2500 mg kg–1. The Zn content of
the waste sludge used in our study was 754 mg kg–1. It was
determined that N, P, Ca, Mg, Fe, Mn, Zn, Cu, and Co contents increase with respect to the nutritional element and
heavy metal contents with the use of SS [3,16,36]. Moreover, in studies related to the growth of plants such as spin-
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ach and lettuce, it was determined that cesspool sludge has
no harmful effect on growth; however, the amount of Zn
increased [53-55]. This conclusion is also in harmony with
our study.
Although SS contains many nutrients that are necessary for plant growth, the fertilizer’s value varies according
to the waste source, purified water features, and sludge
sewage processes used. It was detected that the limit values
were not exceeded with respect to some heavy metal contents when compared to the maximum heavy metal limit
values permitted in SS-amended soil according to the RUUMSSS [19]. This is also very positive with respect to environment pollution.

the heavy metal contents decreased, both in the lucerne and
soil, with the application of N and SS.
Consequently, the SS that was used in this study was
not toxic and contained Cr, Cu, Hg, Ni, Pb, and Zn at levels
that can be comfortably used in the production of lucerne.
Nonetheless, since SS can be applied to soil for many
years, care should be taken to analyze the soil at certain
intervals with the aim of preventing the accumulation of
metals.

Furthermore, the increase in the probability of the existence of heavy metals in lucerne with the increase in their
amount is evident from the fact that the highest values were
generally found with the S3 application. Thus, as a result
of the experiment, it was determined that SS increased the
micro and macro element contents of lucerne. From these
results, it can be proposed that using SS as fertilizer is very
reliable at suitable concentrations. When the ratio in the
plant is taken into account, extra attention should be paid
to the fact that the contents of the materials coming out of
sewage facilities to be used in this process should be below
the highest heavy metal limit values permitted by regulations. It was reported that agricultural values as macro and
micro element contents and heavy metal contents are the
parameters that should be taken into account if this type of
organic waste is to be used [56].
Increasing the amount of SS applied to soil causes
plant growth and increases the plant nutrient contents in
soil and plant. This is caused by the chemical contents and
amount of plant nutrients that the SS provides to the soil.
Some researchers have reported that SS and waste materials that have a positive effect on plant growth, increased
the available nutrient contents of the soil and could be a
source of plant nutrients and organic matter [57, 58]. These
results comply with our study.

The authors have declared no conflict of interest.
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SIZE MICROCYSTIS COLONIES FROM NATURAL WATERS
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ABSTRACT
To investigate the accumulation and distribution characteristics of heavy metals in different size Microcystis colonies from natural waters, four size colonies (super-large
colony, large colony, middle colony and small colony)
were collected from Jin River during the high occurrence
period of Microcystis blooms, and the sheaths were detached from intact undamaged algal cells via stirring with
glass beads. Heavy metal (Pb, Cd, Cr, Al, Fe and Mn) accumulations, bioaccumulation in Microcystis cells and bioadsorption in sheaths were assayed using inductively coupled plasma-atomic emission spectrometry (ICP-AES), respectively. The results showed that heavy metal accumulations (except Cd) with significant differences in four size
colonies, decreased in the following orders: middle colony,
small colony, large colony and super-large colony. Accumulations of essential metals (Fe, Mn and Al) were much
higher than nonessential metal (Pb, Cd and Cr) accumulations in colonies. The same changes in accumulation factor
were observed in middle, large and super-large colonies.
All measured heavy metal contents in algal cells, except
Mn in super-large colonies and Cd in middle and superlarge colonies, were higher than those in their sheaths at
different degrees. Heavy metals in natural conditions might
exert influence on colony formation via affecting EPS production and microsystins yield.
KEY WORDS: cyanobacterial bloom; Microcystis colony; heavy
metals; accumulation; distribution

1. INTRODUCTION
Cyanobacterial blooms resulting from eutrophication
often cause adverse effects on aquatic ecosystem, such as
water anoxia and algal toxins secretion. Microcystis is one
of the most widespread bloom-forming genus of cyanobacteria. In natural eutrophic freshwater, Microcystis cells are
* Corresponding author

usually organized into colonies [1]. Colony formation provides Microcystis a competitive advantage over other phytoplankton species because colony morphology plays an
important role in its recruitment, proliferation, escaping
from being grazed [2, 3]. Moreover, large Microcystis colonies can form biofilms [1]. Understanding how Microcystis cells form colony will contribute to reveal cyanobacterial bloom-forming mechanism.
Since Microcystis cells aggregating into large colonies
when exposed to a large number of Ochromonas (a flagellated chrysophyte) was observed by accident [6], some
studies have found that the formation of Microcystis colony
could be stimulated by other zooplankon, such as the copepod Eudiaptomusgraciloides, cladoceran Daphnia magna
and rotifer Brachionus calyciflorus [3-5]. Meanwhile, it was
documented that there existed a combined effects of nitrogen
concentration and flagellate grazing on Microcystis colony
formation under laboratory conditions [7]. Microcystins,
such as microcystin-RR, could significantly enhance and
maintain Microcystis colony sizes under the experimental
conditions [2].
The formation of Microcystis colony can be stimulated
by zooplankon grazing, nutritive salt and microcystins, as
well as heavy metals. Su & Wang found heavy metal accumulations in cyanobacteria during the high occurrence period (July) of cyanobacterial blooms were apparently
higher than those in other periods (August and September)
[9]. Moreover, cyanobacterial blooms frequently occurred
in eutrophic waters with serious metal pollution [10-12]. In
the laboratory, Microcystis cultured in axenic cultures
without heavy metals always existed in the phenotypic
types of single cell or a few paired cells, which was different from colony phenotype under natural conditions [3, 13,
14]. In our previous study, we found that lead (II), in an
appropriate concentration range, could significantly increased the production of bound extracellular polysaccharides and promoted colony formation of M. aeruginosa under controlled laboratory conditions [15]. It was suggested
heavy metals might contribute to Microcystis colony formation in natural conditions.
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Microalgae could accumulate heavy metals in cell envelopes (bioadsorption) as well as in cytoplasm, vacuoles,
and chloroplast by metabolically mediated uptake (bioaccumulation) [16, 17]. Microcystis could produce an extracellular sheath that adsorbed metals strongly [18, 19]. Heavy
metals in natural conditions must be sequestrated and accumulated quickly by Microcystis cells, and then can be expected to exert influence on the colony formation [20].
How heavy metals accumulated in Microcystis cells have
been investigated in the laboratory [21] while few studies
were conducted on bioadsorption and bioaccumulation
traits of field Microcystis colony samples.
Understanding accumulation and distribution characteristics of heavy metals in natural Microcystis colonies will
help to reveal the role of heavy metals in colony formation,
which is important for Microcystis blooms control. Moreover, it will offer potential for utilization of Microcystis
blooms and biotreatment of heavy metal-contaminated waters. In this study, we investigated how heavy metals accumulated and distributed in the cells and sheaths of four different sizes of Microcystis colonies from natural waters.

2. MATERIALS AND METHODS
2.1 Sample collection and preparation

During the high occurrence period of Microcystis
blooms with cell density of 2.42×108 ind/L, 500 L water
sample was collected from Jin River in Tianjin, China. The
species composition of phytoplankton in the water sample
was identified under light microscopy. M. aeruginosa and
M. ichthyoblabe, as absolutely dominant species, made up
more than 98% of the total algal cell number. Different size
colonies were collected by filtering the water sample successively through 140-mesh bolting-silk (90 ìm), 300-mesh
bolting-silk (20 ìm), 500-mesh bolting-silk (8 ìm) and microporous filtering film (0.45 ìm) [22]. They were named
super-large colony, large colony, middle colony and small
colony (including unicell), respectively [22]. The wet algal
pastes of different size colonies were used to the subsequent analysis.
2.2 Determination of accumulation amount and accumulation
factor of different heavy metals in Microcystis colonies

Nearly half of the wet algal pastes of different size
colonies were dried to constant weight, and then digested
by nitric acid-perchloric acid mixture (guaranteed reagent)
overnight. The contents of lead (Pb), cadmium (Cd), chromium (Cr), aluminium (Al), ferrum (Fe), and manganese
(Mn) were determined by inductively coupled plasma-atomic
emission spectrometry [ICP-AES, ICP-9000 (N+M)]. Accumulation factors of the heavy metals in the dry powder of different size colonies were calculated with the following formula: Accumulation factor = Ca / Cw , Where Ca = heavy
metal concentrations in the algae dried to constant weight
(mg/kg); Cw = heavy metal concentrations in water filtered
from the sample through 0.45 ìm pore size membrane filter
(mg/kg). If the content of the filtrate was lower than the

instrument detection limit, accumulation factor was calculated with the instrument detection limit.
2.3 Dispersing Microcystis colony to single cells and stripping
sheaths from cells

The other half of the wet algal pastes of different size
colonies were re-suspended with 0.02% ethylenedinitrilotetracetic acid (EDTA) solution prepared with deionized water, and then stirred with glass beads using magnetic stirrer (G-560 Scientific Industries Inc., NY) at maximum speed until the colonies were dispersed into single
cells. The dispersed algal cells were counted using a blood
counting chamber under microscope (×40). To detach sheaths
associated with the algal cells completely, the single cell suspensions were stirred with 100 micro glass beads at 1600 rpm
for 60 min [15].
2.4 Determining bioadsorption and bioaccumulation amounts
of different heavy metals in Microcystis colonies

Microcystis cell and sheath suspensions were centrifugated at 10, 000×g for 30 min at 4 °C, and the pellets and
supernatants were used to determine the amounts of bioadsorption and bioaccumulation of Pb, Cd, Cr, Al, Fe and Mn
by ICP-AES, respectively. Bioadsorption and bioaccumulation amounts of different heavy metals in Microcystis
colonies were expressed as “ìg/1010 cells”.
2.5 Statistical analysis

The results data were expressed as mean ± SD. Oneway analysis of variance (ANOVA, SPSS 11.0) followed
by Fisher’s least significant difference multiple range test
[23] was used to determine significant differences among
different groups. Statistical significance was established at
p < 0.05.

3. RESULTS
3.1 Heavy metal accumulation amounts in different size Microcystis colonies from natural waters

As shown in Table 1, there were significant differences
in heavy metal contents and accumulation factors of four
size Microcystis colonies. Heavy metal accumulations (except Cd) in four size colonies decreased in the following
orders: middle colony, small colony, large colony and super-large colony. Among all the detected heavy metals, Fe
showed the highest accumulation amount while Cd showed
the lowest accumulation amount in all four size colonies.
Inconsistent with the accumulation amount results, Al has
the highest accumulation factor value as compared to other
detected heavy metals, and the lowest accumulation factor
value belonged to Cr.
3.2 Dispersion of Microcystis colonies into single cells

The dispersion process of super-large Microcystis colonies by stirring with glass beads is shown in Fig. 1. The
super-large Microcystis colonies were completely dispersed
into single intact cells at 95 min. The dispersion-consumed
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TABLE 1 - Heavy metal accumulation amounts and accumulation factors of heavy metals in different size Microcystis colonies.

Accumulation factor
Super-large colony Large colony Middle colony Small colony
(2.538±0.038) (1.293±0.023) (1.073±0.015)
(1.024±0.020)
d
c
a
b
Pb
6.141±0.12
15.23±0.23
77.59±1.4
60.38±0.91
×103c
×104a
×104b
×103d
(1.910±0.051)
(1.036±0.068)
(6.257±0.21)
(1.718±0.11)
Cd
1.718±0.11c
1.910±0.051c 13.06±0.68b 62.57±2.1a
×103c
×104b
×104a
×103d
(8.698±1.0)
(1.463±0.14)
(4.104±0.021) (3.142±0.28)
d
c
a
b
Cr
5.219±0.62
8.779±0.85
24.63±0.13
18.86±1.7
×102d
×103c
×103a
×103b
(3.916±0.014)
(9.024±0.0021)
(8.679±0.028)
(1.238±0.018)
Fe
879.6±13d
2780±8.1c
6407±18a
6162±16b
×104c
×104a
×104b
×104d
(4.384±0.35)
(1.734±0.0092) (1.004±0.031)
(2.424±0.22)
d
c
a
b
Mn
31.51±2.9
56.99±4.6
225.5±1.2
130.5±4.0
×103c
×104a
×104b
×103d
(2.797±0.085)
(9.154±0.16)
(2.227±0.037) (2.029±0.24)
d
c
a
b
Al
727.2±22
2380±41
5791± 9.6
5274±63
×104d
×104c
×105a
×105b
Values are represented as means ± SD, n=3; values within a row sharing the same letters or no letters are not significantly different (p > 0.05), whereas
those with different letters are significantly different (p < 0.05).
Heavy
metals

Content of algae (mg/kg dry weight)
Super-large colony Large colony Middle colony Small colony

FIGURE 1 - The dispersion process of super-large Microcystis colony into single cells by stirring with glass beads. 0 min: the intact super-large
Microcystis colonies (red A: M. aeruginosa, red B M. ichthyoblabe); 20 min: the partial edge of Microcystis colonies were dispersed into single
cells; 40 min: the main frames of super-large Microcystis colonies were broken apart; 60 min: the super-large Microcystis colonies were gradually dispersed into many middle colonies; 80 min: the super-large Microcystis colonies were gradually dispersed into many small colonies;
95 min: the super-large Microcystis colonies were completely dispersed into a large number of intact algal cells. Scale bars indicates 50 ìm.
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TABLE 2 - Heavy metal contents in algal cells and their sheaths of different size Microcystis colonies (ìg/1010 cells).

Heavy metals

Pb
Cd
Cr
Cell
Sheath
Cell
Sheath
Cell
0.2938±
0.7799±
2.538±
3.282± 0.5571±
Super-large colony
0.081b
0.031d
0.058c
0.086c
0.12c
6.439± 0.4958±
0.5783±
0.2916±
3.210±
Large colony
0.45b
0.035b
0.079c
0.027d
0.21c
20.51± 18.67±
2.566±
4.029±
11.34±
Middle colony
0.59a
1.2a
0.009b
0.028b
0.62a
19.91± 17.12±
25.37±
10.61±
10.50±
Small colony
1.7a
0.95a
1.5a
0.056a
0.85b
Values are represented as means ± SD, n=3; values within a column sharing
whereas those with different letters are significantly different (p < 0.05).

Fe
Al
Sheath
Cell
Sheath Cell
Sheath
0.7242±
490.2± 59.61± 389.4± 65.18±
0.042c
3.9d
2.6c
6.2d
0.69c
0.7874±
1231± 34.71± 1041± 42.87±
0.13b
16c
1.9d
4.8c
1.6d
1.099±
3086± 150.2± 2673± 252.7±
0.015a
16b
0.89b
15b
0.91b
0.3423±
3356± 188.3± 2756± 277.3±
0.07d
10a
4.9a
8.6 a
3.6a
the same letters or no letters are not significantly

Mn
Cell
8.551±
0.91d
16.04±
0.59c
106.2±
3.7a
47.00±
0.86b
different

Sheath
11.14±
0.54d
9.915±
0.065b
7.691±
0.48c
28.07±
0.93a
(p > 0.05),

FIGURE 2 - The proportions of heavy metals in algal cells of different size Microcystis colonies. Values are represented as means ± SD, n=3;
values sharing the same letters are not significantly different (p > 0.05), whereas those with different letters are significantly different (p < 0.05).

times for the large colony, middle colony and small colony
were 64 min, 26min and 15 min, respectively.
3.3 Heavy metal distribution inside and outside algal cells in
Microcystis colonies

Heavy metal contents in algal cells of different size
colonies, except Mn in super-large colony and Cd in middle and super-large colonies, were higher than those in their
sheaths (Table 2). In different size colonies, the proportions
of heavy metals (except Pb) in algal cells were lowest in
super-large colonies (Fig. 2). The proportions of Fe and Al
in algal cells had similar change tendency, and made up
more than 85% of Fe and Al accumulations in colonies
(Fig. 2).

4. DISCUSSION
It is difficult to count algal cells in Microcystis colonies accurately because colonial cells were packed with
thick bound extracellular polysaccharides forming sheaths.
There is no consensus on a standard procedure for cell
counting of colonial Microcystis spp. Several methods, in-

cluding flow cytometry, sonication, and vortexing [24-26],
have been developed. However, these methods were not
widely applied due to high cost, inaccurateness and impracticability. Joung et al. reported that different size Microcystis colonies could be completely divided into single
cells by boiling treatment. However, a small quantity of
damaged cells would affect the accuracy of colonial cell
counting [27]. In present study, all four size Microcystis
colonies were completely dispersed into single intact undamaged cells after stirring with glass beads. This simple,
accurate, and low-cost method for colonial cell counting
makes real-time monitor of Microcystis spp. cell density in
natural waters possible.
Heavy metal ions in surface deposit of sediment could
be released into overlying water by the action of hydrobiological agitation and the change of redox environment at
the sediment/water interface [28-30]. One part of released
heavy metal ions could be adsorbed by suspended matter
quickly, and another part deposited in sediment again. Chi
et al found the contents of Cr, Cu, Mn, Ni, and Zn in suspended solids were significantly higher than those in sediments in Meiliang Bay of Taihu lake (p < 0.05) [27], suggesting suspended solids, including planktonic algae, could
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continuously adsorb heavy metals in overlying water released from bottom sediment [10, 11, 32].
Single cyanobacterial cell could adsorb large amount
of heavy metals quickly using cell wall from water in short
time, and part of adsorbed heavy metals could be transported into the algal cells [20]. It was found that the sheath
of cyanobacterial cell bound heavy metals (up to at least
0.7% of sheath dry weight) with the effectiveness (measured as absolute quantities) Fe > Zn > Cu > Ni > Mn >
Mo > Co [33]. In present study, both bioadsorption and bioaccumulation of different metals in the same colonies varied, which might be attributed to metal nature bioadsorption trait as well as metal concentration in solution. Bioaccumulation proportion of essential metals (Fe and Al), exhibiting similar change tendency, made up more than 85%
of their accumulations in colonies. The element Fe, participating in photosynthesis, respiration, and nitrogen fixation
[34, 35], existed mostly in trivalent ferric ions in natural
surface water [36]. It could be effectively transported from
bound extracellular polysaccharide to the algal cell interior
by an ABC-type iron transporter protein-fut [37, 38]. The
element Al, most abundant (8.3% by weight) metallic element in the earth's crust, was inclined to form soluble hydroxy-aluminosilicates at pH above 6.6 [39] and largely accumulated inside the Microcystis cells, which might play
an important role in the rapid decline of Microcystis
blooms after high occurrence period for its toxicity to algal
cells [40]. The element Mn was indispensable to the growth
and reproduction of algae too [41]. These essential metals
(Fe, Al and Mn) had higher accumulation factor values as
compared to those detected nonessential metals (Pb, Cd
and Cr).

large colonial center were unable to adsorb heavy metals
continuously because of physical obstruct, leading to the
highest accumulations of heavy metals (except Cd) appearing in the middle colony.

4. CONCLUSIONS
Heavy metal accumulations (except Cd) in four size
colonies decreased in the following orders: middle colony,
small colony, large colony and super-large colony. The bioaccumulations of most measured heavy metals were
higher than their bioadsorptions in sheaths. Heavy metals
in natural conditions might influence colony formation via
affecting EPS production and microsystins yield, and the
mechanisms involved need further investigation.
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Cyanobacteria secreted extracellular polysaccharide
(EPS) binding to the cell surface, and bound EPS could embed cyanobacterial cells in the colony [42]. Heavy metals
could induce EPS production of cyanobacteria strains, such
as Gloeocapsa calcarea, Nostoc punctiforme, and Synechocystis sp. [20, 43]. Moreover, heavy metals adhering
on the algal cell wall could promote the EPS aggregation
to form thick sheath, which could aggregate single cells
into colony [44]. Heavy metals could affect not only EPS
production and aggregation but also microsystins yield
[45]. Microcystins could promote Microcystis cell aggregation via inducing polysaccharide production [2]. Heavy
metals in natural conditions might exert influence on colony formation via affecting EPS production and microsystins yield. Microcystis cells of small colony had strong ability to accumulate heavy metals and transported most of
them into algal cells. Heavy metals metabolically absorbed
increased EPS secretion, which result in bigger colony formation. Microcystis cells of middle colony accumulated
heavy metals via bioadsorption and bioaccumulation. Bioadsorped heavy metals contributed to maintenance of middle colony via promoting EPS aggregation to form thick
sheath while bioaccumulated heavy metals were the main
factors responsible for the enlargement of middle colony
via stimulating EPS secretion. Algal cells embedded in
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ESTIMATION OF WATER EROSION RATES
USING RUSLE3D IN ALICANTE PROVINCE (SPAIN)
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ABSTRACT
The purpose of this study was the estimation of current
and potential water erosion rates in Alicante Province using RUSLE3D (Revised Universal Soil Loss Equation-3D)
model with Geographical Information System (GIS) support by request from the Valencia Waste Energy Use.
RUSLE3D uses a new methodology for topographic factor
estimation (LS factor) based on the impact of flow convergence allowing better assessment of sediment distribution
detached by water erosion. In RUSLE3D equation, the effect
that vegetation cover has on soil erosion rate is reflected by
the C factor. Potential erosion indicates soil erosion rate
without considering C factor in RUSLE3D equation. The results showed that 70% of estimated current erosion does not
exceed 10 Mg ha-1 y-1 (low erosion). In the case of potential
erosion rates, 16% of the area of Alicante Province does not
exceed 10 Mg ha-1 y-1 but 33% exceed 200 Mg ha-1 y-1.
Based on these results, the current vegetation cover of Alicante Province is adequate but needs to be conserved to
avoid an increase in the current soil erosion rates as shown
by potential erosion rates.
KEYWORDS:
water erosion, vegetation cover, RUSLE3D, GIS

1. INTRODUCTION

The Universal Soil Loss Equation, USLE, is the most
widely used and accepted empirical soil erosion model for
water erosion assessment. It was developed for sheet and
rill erosion based on a large set of experimental data from
agricultural plots [3]. In 1997, the Unites States Department of Agriculture (USDA) introduced the Revised Universal Soil Loss Equation (RUSLE) in the Agriculture
Handbook No. 703 [4, 5]. USLE was developed for detachment capacity limited erosion in fields with negligible curvature and no deposition, and represents soil loss averaged
over time and total area [6].
The use of USLE and its derivatives is limited to the
estimation of gross erosion, and lack the capability to compute deposition along hillslopes, depressions, or in channels. Moreover, the fact that erosion can occur only along
a flow line without the influence of the water flow itself
restricts direct application of the USLE to complex terrain
within GIS. This one-dimensional structure means that the
equation cannot handle converging and diverging terrain,
i.e., real 3-D landscapes [7].
With advances in Geographical Information System
(GIS), erosion models tended to adopt a more explicit representation of the area on which erosion occurs using spatially distributed parameters, providing outputs showing
the spatial variability of the process [8]. GIS-based approaches provide one of the few means available for systematically examining the role of spatial variability in soil
properties, rock types and numerous other geologic and climatic properties in the evolution of a landscape. The spatially explicit nature of GIS analyses and the GIS emphasis
on incorporating real-world data combine to make GIS a
powerful tool for building insight into the evolution of
complex landscapes and landscape processes [9, 10].
The objective of this study was the assessment of current and potential water erosion rates in Alicante Province
with GIS support by request from the Valencia Waste Energy Use.

Water erosion is a severe and extended issue affecting
all European countries, although with different intensities
[1]. The European Mediterranean countries are particularly
prone to erosion, because they are subject to prolonged dry
periods, followed by heavy erosive rain falling on steep
slopes characterized by fragile soils [1].
The process of soil erosion involves detachment,
transport and consequent deposition. Sediment is detached
from the soil surface both by raindrop impact and by the
shearing force of flowing water. The detached sediment is
transported downslope primarily by flowing water, although
there is also a small amount of downslope transport by
raindrop splash [2].

2.1. Study Area

* Corresponding author

Valencia is an autonomous Region of Spain, located in
the East side of the Iberian Peninsula, with 23,255 km² (8th

2. MATERIALS AND METHODS

780

© by PSP Volume 24 – No 3. 2015

Fresenius Environmental Bulletin

FIGURE 1 - Location of Alicante Province in Valencia Region (Spain).

largest region of Spain; Fig. 1). It is composed of the provinces of Alicante, Castellon and Valencia. It borders in the
north with Catalonia and Aragon, in the west with CastillaLa Mancha and Aragon, and in the south with the Murcia
Region. Alicante province is located in the South of Valencia Region (Fig. 1). The capital of the province is Alicante.
The study area is approximately 5,818 km2.
The principal geographic characteristics of the Region
are the Ramblas (dry riverbeds or wadis) having water only
during the rainy season. The mean annual precipitation is
340 mm.yr-1. Their sediment discharges originate principally
from erosion, and often these sediments are not massive.
2.2. Methods

The Universal Soil Loss Equation (USLE) by Wischmeier and Smith [3], and its current revisions, the Revised
Universal Soil Loss Equation (RUSLE) and the Revised
Universal Soil Loss Equation-3D (RUSLE3D) [5, 11], have
been used all over the world in order to estimate the soil mean
annual loss per area unit (T):
T = R · K · LS · C · P
(1)
where, R is the rainfall erosivity factor (Mj.mm.ha-1.
h-1.yr-1); K is the soil erodibility factor (Mg.ha.h.ha-1.Mj-1.
mm-1); L is the slope length factor; S is the topographic
slope factor; P is the erosion control practice factor, and C
is the cover-management factor representing the effects of
vegetation management (LS; P and C factors are dimensionless). The C value is a ratio comparing the existing surface conditions at a site to the standard conditions [5]. Potential water erosion is soil erosion rate without taking into
account the vegetation cover.
Specific effects of topography over the soil erosion are
estimated by the one-dimensional factor LS, as the product
of the slope length factor, L, and the slope steepness factor,
S. As practised on the field, there is subjectivity in deciding
exactly where to delimit boundaries for the subfield units
of LS in RUSLE. The accuracy of where breaks for L and S
values in a given farm field are located relies on the experi-

ence of the field operator partitioning the field into homogeneous LS units [12]. To minimize human subjectivity in
estimation of LS factor, calculations based on digital elevation models (DEM) and GIS procedures have been developed, focused on a grid-cell based evaluation of LS factors in a multi-flow context [11, 13, 14]. Based on this concept, RUSLE model is named RUSLE3D (technique used in
this study).
2.3. RUSLE3D Equation Factors. Spatial Modeling with
RUSLE3D
2.3.1. Factor LS (L= slope length factor; S= slope steepness
factor)

To incorporate the impact of flow convergence, the
hillslope length factor (in USLE and RUSLE) was replaced
by upslope contributing area (RUSLE3D) [15]. The modified equation, for computation of the LS factor in finite difference form in a grid-cell representing a hillslope segment, was derived by Desmet and Govers [13]. A simpler,
continuous form of the equation for computation of the LS
factor at a point r=(x,y) on a hillslope, is [11]:
 A (r ) 
LS (r )  (m  1)  s 
 22.13 

m

 sen b(r ) 


 sen 5.143º 

n

(2)

where, the specific catchment area As (m) is the
upslope contributing area, divided by the contour length
which is assumed to equal the width of a grid cell of a raster
layer; b is the slope in degrees; m and n are parameters for
a specific prevailing type of flow and soil conditions; and
22.13 m is the length and 0.09 = 9% = 5.143° is the slope
of the standard USLE plot [11].
LS factor estimation [16] was supported by GIS software, ArcGIS® 10 and GvSIG® [17]. The GIS GvSIG offers very significant advantages in terms of the hydrological
analysis having several algorithms included to estimate
slope inclination and flow accumulation, in comparison
with ArcGIS. GvSIG is a free software, available in English and Spanish (http://www.gvsig.gva.es/).
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To obtain the map with LS factor values and then integrate it into RUSLE3D, the following steps must be fulfilled:
I. Create a digital elevation model (DEM).In this case, using the ArcGIS algorithm, TopoToRaster, a 30-m raster
layer was created from contour lines every 30 meters
(Granted by Valencia Waste Energy Use).
II. Calculate slope inclination map.
III. Calculate flow accumulation map (upslope contribution
area).
IV. Calculate specific catchment area map, As.
2.3.2. Rainfall Erosivity Factor, R

This factor represents rainfall power to erode soil surface, and is defined as the product of rainfall energy and
maximum 30-min intensity.
Given the complexity presented by the calculation of
this factor, there are various procedures for its determination, mostly based on regression analysis, where the variables are easily obtainable.
In a report of Roldan [18], a new equation has been
made with high correlation coefficients and well-distributed residuals. The most important result of this work was
an equation made specifically for Mediterranean climate.
The advantage is that it only needs annual precipitation
value to calculate the R factor (Eq. 3).
Rannual = 0.007 x Pannual1.577
(3)
From the precipitation data collected in Valencia Region, for
the Spanish State Meteorological Agency from 37 rain-gauge
stations (Fig. 2), Valencia Waste Energy Use, made a
vector layer of annual mean precipitation points. For this
research, that vector layer was used to create a raster layer
(30 m grid cell) through the interpolation of those points.
The R values in this area range from 49 to 272.

2.3.3. Soil erodibility factor, K

The K factor represents both susceptibility of soil to
erosion, and the amount and rate of runoff. Soil texture, organic matter, structure, and permeability determine the
erodibility of a particular soil [10, 19].
The dominant texture of these soils is sandy loam and
the organic matter is about 5 %.
Due to lack of sufficient soil data the K factor was estimated using a research, performed in Valencia Region, by
Garcia-Fayos et.al. [20], who related lithology and K values. A lithology vector layer was granted by the Spanish
Geological and Mining Institute, in order to carry out this
assessment.
2.3.4. Cover-management factor, C (non-dimensional)

The C factor is used to reflect the effect of the protection offered to the soil surface by the vegetative canopy,
and the impacts of cropping and management practices on
erosion rates [5].
When the effect of vegetation cover (C factor=1) is not
taken into account in RUSLE3D equation, the result is the
potential erosion rate. The potential erosion assessment
shows the variation of soil erosion rates compared with current erosion rates. The resulting data layer should be viewed
as a “worst-case” scenario, i.e. highest potential soil erosion
of bare soil with no mitigating land use practices in place.
The data for the calculation of this factor was obtained
from the Land Occupation Information System of Spain (SIOSE). SIOSE aims to integrate information from databases
of land-cover and use from the Autonomous Regions of
Spain. The SIOSE is part of the Spanish National Plan of
Monitoring Territory (PNOT), which coordinates and manages the National Geographic Institute of Spain (IGN) and
the National Center for Geographic Information of Spain
(CNIG).
The main covers in Alicante province are facilities,
forest, olive and fruit trees, scrublands, grasslands, wetlands and water. The mean C value is 0.15.
2.3.5. Erosion control practice factor, P (non-dimensional)

The P factor is the ratio of soil loss with a specific support practice (contouring, strip-cropping, terracing) to the
corresponding loss with upslope and downslope tillage.
In this case, a value of 1 was assigned to P factor, because there is no data about conservation practice in the
study area.

3. RESULTS
3.1. Current water erosion rates

FIGURE 2 - Location of rain gauge stations in Valencia Region, Spain
(Source: Spanish State Meteorological Agency).

The main result from RUSLE3D model is that 70% of
Alicante area does not exceed 10 Mg ha-1 y-1, i.e., approximately 400,000 hectares of the area of the Alicante Province
have minimal risk of erosion (Table 1).
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TABLE 1 - Assessment of current erosion rates calculated with
RUSLE3D in Mg ha-1 y-1in Valencia Province.

TABLE 2 - Assessment of potential erosion rates calculated with
RUSLE3D in Mg ha-1 y-1in Alicante Province.

RUSLE3D
Area (%)
Area (ha)

Erosion Rates (Mg ha-1 y-1)
Low Erosion
(from 0 to ≤10)
Moderate Erosion
(from >10 to ≤50)
High Erosion
(from >50 to ≤200)
Very High Erosion
(> 200)
Total

69.3

403075

20.6

120011

8.5

49208

1.6
100,0

9553
581847

Erosion Rates (Mg ha-1 y-1)
Low Erosion
(0-10 t/ha.year)
Moderate Erosion
(10-50 t/ha.year)
High Erosion
(50-200 t/ha.year)
Very High Erosion
(>200 t/ha.year)
Total

Area (%)

RUSLE3D
Area (ha)

15.4

89595

22.6

131318

28.9

168131

33.1
100,0

192804
581847

FIGURE 3 - Current and potential erosion maps of Alicante Province.

Another important fact is that 98% of the area of the
Province does not exceed 200 Mg ha-1 y-1, i.e., which is the
lowest limit of the classification by FAO et al. [21] for
“very high” erosion rates (Fig. 3).
3.2. Potential water erosion rates

In this case, the results show (Table 2) that, if the vegetation cover is not considered, 15% of the area of Alicante Province does not exceed 10 Mg ha-1 y-1, and 33% exceed 200 Mg
ha-1 y-1, i.e., the highest level of risk of erosion (Fig. 3).

4. DISCUSSION
Some general remarks are necessary to mention in this
section.
Regarding P Factor, it would be important to have
more information about the existence of conservation
practices in Alicante Region, such as vegetal waste covers
or terraces. These types of practices lead to an improvement in infiltration and reduction of soil erosion.
In case of C Factor, due to the classification procedure
used by SIOSE in order to identify land uses, is sometimes

grouping two types of covers in a same tesserae, resulting
in a bias in C value. For instance, in a tesserae where the
C value should be zero, as in case of buildings or facilities,
this does not occur as they are surrounded by crops or
trees. SIOSE was used in this study because main Spanish
institutions, including Valencia Waste Energy Use, apply
it for land use identification in their own researches.
Nevertheless, it would be important for future assessment, especially if smaller areas are going to be studied,
to improve vegetation cover data by setting single land use
tesserae.
It is recommended to consider the different coverage
stages of agricultural crops, bearing in mind that it is not
constant throughout the year.
Finally, the assessment of soil erosion must be the first
element to consider in a conservation plan. Erosion models like RUSLE3D, can predict the patterns of erosion in
Valencia Region, and it can be used as a basis or guide for
future land conservation practices in areas that require.
However, in order to make comparisons with other regions of Europe or even in Spain, it is necessary, like in
Panagos et al. [22], to harmonise procedures, regarding
models, parameters and sources of data.
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5. CONCLUSIONS
RUSLE3D equation allows a more accurate estimation
of the distribution of sediment removed by water erosion
effects, and how the vegetation cover affects its assessment. Above all RUSLE3D factors, C and P are management factors, that is mean, any change in vegetation cover,
affects directly on soil erosion rates.
The results from potential erosion assessment show
that the absence of vegetation would generate a considerable
increase in erosion rates. According to the current soil erosion rates, it can be concluded that the present vegetation
cover of Alicante Province is adequate, and has to be protected and conserved in order to avoid the increase of soil
erosion rates. Nevertheless, it is important to remark that
field data is currently being collected in order to validate
these results.
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PERFORMANCE OF Vigna ambacensis L. AS PHYTOSTABILIZATER, GROWN UNDER CONTAMINATED SOILS
Mohammed N. Alyemeni* and Leonard F. Wijaya
Department of Botany and Microbiology, College of Science, King Saud University, Riyadh-11451, Saudi Arabia

ABSTRACT
The study was conducted to evaluate the performance
of Vigna ambacensis L as phytostabilizer using contaminated soil sediments. Soil sediment was collected from five
different sites (T1-T5) located in Wadi Hanifa Riyadh
Saudi Arabia. The experiments were conducted in pots under greenhouse condition. The plants were sampled after
40 days from transplantation, Shoot, root fresh and dry
weight and stem and root length, leaf number their area,
total Chlorophyll (Chl.) and Chl. a, b content , carotenoids
(Car.) contents, heavy metal content of plant parts, and its
translocation factors (TF) were determined. Results
showed an increase in most of the parameters used with the
waste sediments from T2-T5 treatments, compared to the
control; T1 had 50% growth reduction, compared to the
control. There is a decrease in root dry weight (RDW) of
T1-T3, especially in T2, reaching 55%. Chl. b and c were
higher than Chl. a in the leaves. Heavy metal content varied
with the element. V. ambacensis showed the ability to tolerate and accumulate heavy metals. In all treatments, plants
had bioconcentration factor (BCF) values more than 1 and
TF values less than 1, this indicates that V. ambacensis is
suitable for Ni and Zn phytostabilization.
KEYWORDS:
Heavy metals, Phytostabilizer plants, Soil sediment, Soil pollution,
Plant growth, Vigna ambacensis, Chlorophyll content.

1. INTRODUCTION
Industrial, agricultural and sewage effluents are the
primary sources of heavy metal pollutions in aquatic habitats and their surrounding lands. They are usually contaminated with high levels of Hg, Cr, Pb, Cd, Cu, Zn, and Ni.
These dangerous heavy metals may seep through the river
bank into the surrounding waterway area and will be responsible for water table pollution and that of the land. [1]
Wastewater is reused for agricultural purposes which may
cause adverse effects on germination of the seeds and plant
growth in general.
* Corresponding author

Plants accumulate heavy metals, and if ingested they
will lead to biomagnification throughout the food chain,
which will pose a serious threat to mankind. Most pollutants, in waste water precipitate and get embedded in the
sediment. It is well known that the concentration of pollutants in sediments is always higher than in water [2-4].
Heavily polluted sediments have been reported by many
researchers that cause detrimental effects on seed germination and plant growth. [5, 6]. Vigna ambacensis L. is a wild
type legume, native to south-western Saudi Arabia. The
seeds contain high levels of protein (22.9-27.6%), carbohydrates (19.4-64%) and low fats (0.1-0.3%), which indicated a good nutritional quality [7]. The aim for this study
was to assess the potential use of Vigna ambacensis as a
bioassay for pollutant toxicity of soil sediments on plants
growth, chlorophyll content, and heavy metal content.

2. MATERIALS AND METHODS
Surface sterilized seeds of Vigna ambacensis L. were
sown in trays filled with acid washed sand. After 10 days,
seedlings were transplanted to pots 15 cm in diameter and
15 cm in depth filled with 2 kg sediment sample (100 %
concentration) from each site (five sites were used, T1-T5).
One seedling per pot with four replicates for each treatment
were used along with the control (acid washed sand only).
Seedlings were irrigated twice a week with distilled water
throughout the whole experiment and an additional watering was done on alternate days with 300 ml of full strength
Hoagland nutrient solution to ensure adequate supply of
nutrients. The pots were placed greenhouse condition. Five
sediments (T1-T5) were collected from five different sites
of wadi Hanifah, Riyadh, Saudi Arabia. Conditions in the
green house were: photosynthetically active radiation (PAR)
= 67-170 µmol m-2 s-1; day and night temperatures =
28/18 °C; day length = 14 h day, 10 h night; relative humidity ± 45%. The plants were sampled 40 days after transplantation. Length, fresh and dry weight of shoot and that
of root were measured at the sampling time. For each treatment five seedlings were used.
The total leaf area (LA) of each plant was determined
using an automatic leaf area meter (CI-202 area meter,
CID, Inc., WA, USA). Chl. and Car. contents of leaves
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were measured using 0.1 g of fresh leaf, extracted in acetone (80%) in mortar and pestle and filtered. The absorbance was measured at 662, 645 and 470 nm by UV-visible spectrophotometer (Spectronic 21 – Milton Roy Company). Chl. a, b, total Chl. and Car. contents were calculated [8]. Heavy metals, Cadmium, Lead, Nickel and Zinc
contents of plant parts were measured by using Perkin
Elmer AAS-300 Atomic Absorption Spectrophotometer.
Translocation factors (TF) for heavy metals between sediment and roots and within the plant were expressed by the
ratio as descripted [9]. All data were analyzed with the
help of statistical software package (PASW Statistics 18)
using one-way analysis of variance (ANOVA). Duncan
multiple test were also performed. Graphics were produced
using Sigma Plot 11.0.

3. RESULTS
Results (Table 1) indicate that shoot length was highest
in the plants grown in T5 and increased by 72% compare
to control (T0). However, the values were statistically at
par with T2, T3 and T4. Shoot fresh weight increased significantly by 122% in the plants grown in the sediment (T5)
as compare to the control. The shoot fresh weight (SFW)
was lowest in the plants grown in the sediments (T1, T4
and T5) which were statistically at par with each other.
Maximum root fresh weight (RFW) was noted in the plants
grown in sediment T4 that was 143% higher than the control (T0). Shoot dry weight (SDW) increased where T5
give the highest percent (136%) increase, over the control
and the lowest value was recorded in T1. Maximum increase in RDW was recorded in the plants grown in sediment (T4) which was 47% higher than the control. A max-

imum loss of 55% in RDW was recorded in T2, compared
to control (T0). The lowest root length was recorded in the
plants grown in T3 that was at par with T4 and the maximum in T2 which was significantly different from T0. Leaf
number per plant was highest in T5 and minimum in T1 but
the values of T2, T4, and T5 were at par with each other.
The values for leaf area (LA) followed a pattern almost
similar to that of the leaf number. Leaf area reached maximum value in the plants under T5 and minimum T1. The
values of T2, T4, and T5 were at par to each other.
The results (Table 2) indicate that Chl. a increased significantly by 23% in T1 and reached a minimum value with
T4 compared to the control (T0). Significant increase
(30%) in Chl. b values was recorded in T1, compared with
the control and T4 possessed the lowest values. T1, T3, and
T5 were at par to each other. The highest value for total
Chl. was recorded in T1 and lowest in T4 but T1 and T3
were at par with each other and differed significantly from
T0, T2 and T4. Total carotenoids content increased significantly by 31% in T2, over the control but in T1 it decreased by 44%, compared with the control. The level of
(Car.) content in all the other treatments was at par to T2.
Cadmium content in the shoot of plants grown in T3
was highest while in T4 it was lowest. The values in T3 are
significantly different from that under T1 and T4. T0, T2,
and T5 are at par with each other. Nickel content in the
shoot of the plants in T4 was highest and with T1 was the
lowest (Table 3). Lead content is highest in the shoot of T1
while T5 has the lowest value. T4 has highest Zinc values
in the shoot and the lowest in control plants (T0). Root cadmium content in T2 was highest while the lowest value was
recorded in T1 that is at par to T4. Nickel in root was highest in T4 and lowest in T2. Lead content in the root of T1

TABLE 1 - Effect of five soil sediments treatments (T1-T5) collected from Wadi Hanifah Riyadh Saudi Arabia on the growth of Vigna ambacensis, (Means + SD and Significant value).

Plant parts
Shoot

Root

Leaf

length (cm)
FW (g)
DW (g)
length (cm)
FW (g)
DW (g)
no
area (cm)

138.8b
16.45c
2.26c
16.0b
9.25cd
1.52b
23bc
345bc

T0
±
±
±
±
±
±
±
±

36.0
4.29
0.80
1.8
1.07
0.34
4
105

T1
76.0c
±
11.33d ±
1.26d
±
17.3ab ±
6.53d
±
0.80c
±
19c
±
230c
±

Soil Sediment Treatments
T2
T3
53.5 202.0a
± 15.0 195.0a
±
4.79 30.11b
± 1.72 17.90c
±
0.70 3.22b
± 0.34 2.29c
±
2.7
20.8a
± 1.4
17.3ab
±
2.35 10.13cd
± 2.21 11.78bc
±
0.28 0.69c
± 0.18 0.89c
±
5
36a
± 6
28b
±
129 663a
± 58
398b
±

T4
9.1
2.64
0.42
2.6
3.99
0.40
2
65

219.3a
33.19ab
4.07b
14.4b
22.51a
2.23a
35a
794a

±
±
±
±
±
±
±
±

26.2
1.47
0.39
3.2
2.83
0.44
2
52

239.0a
36.59a
5.35a
18.3ab
15.82b
1.66b
39a
804a

T5
±
±
±
±
±
±
±
±

11.0
2.90
0.72
2.7
3.77
0.46
2
128

TABLE 2 - Chlorophyll a, b and carotenoid contents of Vigna ambacensis grown in five soil sediments treatments (T1-T5) collected from Wadi
Hanifah Riyadh Saudi Arabia, (Means + SD and Significant value).

Chlorophyll; Carotenoids (mg/g)
Chl. a
Chl. b
Total Chl.
Total Car.

T0
0.40b ±
0.63bc ±
1.05cd ±
0.11ab ±

0.05
0.09
0.14
0.02

0.49a
0.82a
1.34a
0.06c

T1
±
±
±
±

0.03
0.07
0.10
0.03
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Soil Sediment Treatments
T2
T3
0.40b ± 0.03 0.45b
± 0.01
0.59c ± 0.09 0.74a
± 0.08
1.02d ± 0.12 1.22ab ± 0.09
0.14a ± 0.03 0.10bc ± 0.04

0.34c
0.54c
0.91d
0.12ab

T4
±
±
±
±

0.02
0.04
0.04
0.02

0.44b
0.71ab
1.18bc
0.11ab

T5
±
±
±
±

0.02
0.04
0.05
0.02
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TABLE 3 - Heavy metals content of Vigna ambacensis plant parts grown in five soil sediments treatments (T1-T5) collected from Wadi Hanifah
Riyadh Saudi Arabia, (Means + SD and Significant value).

Heavy metals in plant parts (Means +SD) (ppm)
Soil Sediment Treatments
Plant parts
Elements
T0
T1
T2
T3
T4
T5
Shoot
Cd
6.00ab ± 4.20 4.59b
± 4.44 6.00ab ± 6.53 14.72a ± 5.15 2.34b
± 4.69 8.51ab ± 9.82
Ni
15.28b ± 2.48 15.09b ± 1.72 17.44ab ± 2.75 20.72ab ± 5.06 22.41a ± 5.13 18.94ab ± 3.59
Pb
40.00a ± 2.30 47.06a ± 12.13 15.44bc ± 0.38 37.13a ± 21.59 29.63ab ± 15.77 9.63c
± 6.10
Zn
54.00b ± 10.58 141.38ab ± 15.97 225.94a ± 37.66 208.88a ± 91.99 252.19a ± 195.45 113.97ab ± 18.78
Root
Cd
7.41b ± 5.75 12.75a ± 4.02 0.00c ± 0.00 3.19bc ± 3.73 0.94c
± 1.13 2.00bc ± 2.83
Ni
80.72ab ± 28.98 64.78bc ± 9.50 42.75c ± 4.57 49.78c ± 5.54 98.72a ± 5.42 59.72ab ± 31.45
Pb
18.00c ± 13.27 142.03a ± 19.43 54.47b ± 10.50 78.09b ± 30.90 117.47a ± 9.22 60.75b ± 17.77
Zn
39.38d ± 11.53 208.03c ± 24.55 785.06b ± 149.90 279.38c ± 65.13 1157.63a ± 196.11 301.88c ± 78.82

TABLE 4 - The bio concentration factor and translocation factor of Cd, Ni, Pb, and Zn in Vigna ambacensis plants treated with five soil
sediments treatments (T1-T5) collected from Wadi Hanifah Riyadh Saudi Arabia.

Treatments
T1
T2
T3
T4
T5

Cd
0.38
0.21
0.04
0.11

Bioconcentration factor (BCF)
Ni
Pb
3.17
0.53
1.09
0.18
1.26
0.58
1.74
0.35
0.87
0.40

Zn
8.47
3.85
7.54
6.71
2.40

plants was highest while in control (T0) plants it was lowest. T1 and T4 are at par from each other and also significantly different from other treatments. (Means + SD and
Significant value).

4. DISCUSSION
The data revealed that soil sediments collected from
sites 2-5 have a stimulatory effect on most of the plant
growth parameters (Table 1), because the sediments have
been in potential use as soil for agricultural purposes. High
fertility in these sediments may has been caused by the
presence of larger quantities of the nutrients [10, 11, 12]
that may have got accumulated from the fertilizers runoff
and the municipal waste. This area is surrounded by agricultural sites and also gets hydration from municipal waste
water treatment of Riyadh [13]. Researchers have earlier
reported enhanced growth of plants in the sediments,
amended media [6, 12, 14]. Moreover, in the sediments
collected from the untreated site (T1) had detrimental effects, giving 50% growth reduction in most of the parameters, one exception is root length which increased by 8%,
compared to control. Alyemeni et al. [15] reported earlier
that the sediment, under untreated sewage, contains many
pollutants such as organic matter, heavy metals that cause
reduction in most of the growth parameters in plants [10,
14]. This retarded plant growth can only be ascribed to a
combination effect of pollutants in the sediment [16-18].
There has been loss in roots dry weight (RDW) in sediments T1-T3, especially in T2, reaching 55%. This reduction in (RDW) may be attributed to the cadmium content
in T2; as it is well known that cadmium inhibits root
growth by reducing the rate of cell division [19]. Similarly,

Cd
0.36
4.62
2.50
4.25

Translocation factor (TF)
Ni
Pb
0.23
0.33
0.41
0.28
0.42
0.48
0.23
0.25
0.32
0.16

Zn
0.68
0.29
0.75
0.22
0.38

Alyemeni [20] and Vijayaragavan et al. [21] have reported
that elevated cadmium caused lower root dry weight in
Vigna plants.
Chl. b content of the leaves in higher than chlorophyll
a (Table 2), this may has been be caused by low light intensity in the greenhouse, since it is known that the Chl. a
/ b ratio is higher under high-light intensity. Chl. b absorbs
light at different wavelengths, than chlorophyll a therefore,
extends the range of light spectra that could be used in photosynthesis [22-24]. Moreover, the efficiency of blue light
absorption in low light environments increases with an increase in the level of Chl. b. The decrease in the amount of
total Car. in the shaded plants is likely the result of a loss in
the xanthophyll cycle components which are associated
with light harvesting complexes in high light conditions [25, 26]. It is rather difficult to know exactly the reason that why the total chlorophyll content in T1 increased,
because there are many factors that affect their level in the
plants, such as, nutrients, heavy metals, light, water, moisture and carbon dioxide [21, 24, 27, 28].
Results of heavy metals (Table3) indicate that none of
the plants showed Cd, Ni, and Pb values >1000 ppm in the
shoots and Zn values >10000 ppm, indicating that Vigna
ambacensis is not a hyper accumulator plant which is in
agreement with [29]. However, the ability of V. ambacensis to tolerate heavy metals may be useful for phytostabilization. Moreover, both bioconcentration factors (BCF) and
translocation factors (TF) can be used to estimate V. ambacensis potential for phytoremediation purposes. V. ambacensis plants treated with sediments were able of accumulate heavy metals in their roots and shoots. In case of Cd
phytoremediation, most of the treated V. ambacensis plants
had low BCF and high TF values. This means that the
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plants had a high potential to retain larger quantities of Cd
in their shoots. It seemed that high Cd content of T1 and
T2 sediments (> 30ppm) triggered the plant defense mechanism that directly slowed down the rate of translocation
of Cd in the plants or indirectly by regulating through the
supply of other nutrients such as potassium, nitrogen, and
aluminum [30]. In case of Ni and Zn phytoremediation,
nearly all treated plants had BCF values more than 1 and
TF values less than 1 (Table 4), this means that V. ambacensis is suitable for Ni and Zn phytostabilization. The
plants are capable to accumulate both Ni and Zn in their
roots (Table 3) [13], but plants were unable to translocate
them to the shoots. This indicates low mobility of Ni and
Zn from the roots to the shoots and also immobilization of
Ni and Zn within the roots. Ni BCF in T4 and T5 is less
than 1, this shows that when Ni content of the sediment
passes 50 ppm level, there is a decrease in its uptake by the
root. Generally, 40 ppm level of Ni in the nutrient solution
marks the beginning of Ni toxicity [31]. In case of Pb,
most of the treated plants had low BCF and TF values, indicating the unsuitable of the cultivation to Pb phytoremediation. This is understandable because Pb metal is considered immobile in the sediment as the plants are deficient in
sulphur which causes the mobility of Pb from roots to
shoots [30].
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ABSTRACT
The objective of this study was to determine which resistance genes to the rice blast pathogen (Magnaporthe
grisea ) were effective in the field in Turkey in 2011 and
2013, in order to determine the most promising genes for
use in resistance breeding program. In 2011, 21 monogenic
lines in the genetic background of ‘Lijiangxintuanheigu’
(LTH) targeting 16 different resistant genes, 1 line harbouring Pi40 gene together with susceptible checks ‘LTH
’, ‘CO39’, and local susceptible checks ‘Diyarbakir yerli’
and ‘Sariçeltik’, and additional some cultivars were tested
in 10 locations. In 2013, 29 monogenic LTH lines targeting
24 blast resistant genes and 2 lines harbouring the Pi40
gene were tested in 2 locations. We observed that, Pi1, Pi7,
Pi9, Pi12, Pi20, Pi40, Pib, Pik-h, Pik-m, Pik-p, and Piz-5
genes provided resistance in all rice locations tested.
Moreover , Pi5(t), Pita, Pita-2, Pit, and Pi-z provided moderate resistance in Turkey. Pi7, Pi9, Pi12, Pi20, Pi40, Pib, Pik-h, Pikm, Pik-p, and Piz-5 genes can be used alone or
in different combinations. To obtain durable resistance to
rice blast in Turkey, we recommend breeding cultivars containing different stacked combinations of afore mentioned
genes. Pi1, Pi5(t), Pita, Pita-2, Pit, and Piz genes, when
added to such stacks, could further improve blast resistance
in rice cultivars for Turkey.

KEYWORDS: Monogenic line, rice breeding, resistant gene, rice
blast (Magnaporthe grisea).

1. INTRODUCTION
The fungal pathogens Magnaporthe grisea (Hebert ),
Helminthosporium oryza Breda de Haan and Fusarium moniliforme (Sheld.) are regularly found in rice fields grown in
Turkey, causing the diseases blast, brown spot and bakanae,
* Corresponding author

respectively. Among these, rice blast is the most important
one. Rice blast is considered the most destructive disease
of rice across many tropic and subtropical regions, with an
estimated crop loss that can be used to feed 60 million people each year [1].
In Turkey, yield losses up to 25.7 % due to blast were
reported in the Black Sea region [2], and yield losses up to
90% for the coastal region of the Mediterranean [3]. The
Southeastern Anatolia region suffered 8.3% yield loss in
1974 [4]. The Trakya region of Turkey was hit by a blast
epidemic in 1995, causing 20 % yield loss in 25,000 hectares whilst also dramatically reducing head rice yield [5].
Less rice blast epidemics have been observed in Turkey
since 1995, after application of fungicides to control blast
became regular practise.
In neighbouring country Russia, the first outbreak of
the disease was observed in 1937-1938. It was repeated in
1948-1949. In 1960 over 3,000 ha of rice were completely
damaged in the Slavyansk region alone. In 1972-1973 another serious outbreak of the disease was observed in the
entire rice growing areas around Krasnodar, followed by
another serious epidemic in 1984-1985 [6].
Breeding of resistant varieties is the most economical
and environmental friendly way to control this disease.
However, choosing the right resistance genes to be used in
the breeding process can be a daunting task, since not all
genes are equally effective due to genetic variation in the
pathogen in the target area. Thanks to genetic analysis using molecular markers, the number of known blast resistance genes has rapidly grown in the last decade: at present, more than 50 genes have been identified and 8 of
these have been cloned [7,8]. Except for the Pi21 gene,
most of the resistant genes are dominant [9]. Resistance
genes were determined in different indica and japonica rice
cultivars, for example in Tjina (Pi-b), Tetep (Pi-b, Pi1, and
Pi-ta), PaiKanTao (Pi3), Moroberekan (Pi5 and Pi7 ), 5173
(Pi-z5 = Pi2), TKM1 (Piz-t), Tadukan (Pita), Zenith (Piz),
and LAC23 (Pi1) [10,11]. Pia, Pii, Pik-m genes were found
in japonica type varieties [12]. The source of Pi9 resistance
gene is a wild species Oryza minuta [13]. Among the re-
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sistance genes, Pi1, Pi-z5 (Pi2), Pi5, Pi9 and Pi40 have
been reported as showing broad-spectrum resistance to
many blast races [14].
Up to now, genetic variation for virulence in the blast
pathogen populations of Turkey was not studied and it is
not known which resistance genes can be more effective.
In the Mediterranean countries Italy, Spain, Portugal and
in Hungary, 5 clonal lineages were detected among 41 isolates and virulence was detected at least once for the known
resistance genes Pia, Pii, Pif, Pik, Pik-s, Pish, Pit, and Pita.
The use of these single genes for creating resistant cultivars
is thus unlikely to be useful. So far, no virulence was detected for the resistance genes Pib, Pik-p, Pita-2 and Piz.
[15]. In Iran, the lines ‘IRBL5-M’ harbouring Pi5 (t) gene
and ‘IRBL11-ZH’ had the lowest panicle blast severity,
with 3 and 6 percent, respectively [16]. In Russia, resistance genes Pi-ks, Pia and Pi- were broken easily [6].
Differential varieties in a near-isogenic background
provide a simple but powerful tool to analyze virulence
present in the field. And, based on the gene-for-gene theory, identify the more promising resistance genes for any
given location. An extended set composed of thirty-one
monogenic lines (MLs) harbouring a total of 24 resistance
genes (Pia, Pib, Pii, Pik, Pik-h, Pik-m, Pik-p, Pi-ss, Pish,
Pit, Pita, Pita-2, Piz, Piz-5, Pi2, Piz-t, Pil, Pi3, Pi5, Pi7,
Pi9, Pi11, Pi12, Pi19, Pi20 ) was developed by backcross
breeding the various resistance genes into the background
of the Chinese Japonica variety ‘Lijiangxintuanheigu’
(LTH) that itself does not appear to carry any major resistance gene. Of course, the NILs can be also used as resistance donors in improving blast resistance [17].
Rice as grown at 99 400 ha area in 33 province in Turkey [18]. In recent years, important yield and quality losses
were observed due to blast infection, because growing varieties are not resistant to blast. Chemical control of blast
is expensive and is sometimes not successful, especially in
the case of neck blast. ‘Osmancık-97’, released in Turkey
as a blast tolerant rice cultivar in 1997, occupies about 80%
of total rice growing area in Turkey. However, in some
years, when weather conditions are favourable for the disease, ‘Osmancık-97’ is also infected. The same occurs if
high doses of nitrogen fertilizer are applied. For these reasons, it is important to continue breeding for improved resistance to rice blast in rice cultivars for Turkey
Screening for blast resistance using seedlings in greenhouse tests does not always correctly predict the resistance
behaviour in the field. For example, although susceptible
to most U.S. blast races in greenhouse tests, the varieties
‘Starbonnet’ (1968 to 1984) and ‘Cypress’ (1994 to 2002)
had good field resistance in the Southern USA and were
usually grown without requiring special cultural management to control blast. The Pi-ta blast-resistance gene present in ‘Katy’ provided complete blast control from 1989
until 2004. A while a race virulent to Pi-ta ( race IE-1k)
was detected in growers’ fields since 1994, this new race
did not cause significant damage in the Pi-ta based variety
‘Banks’ until 2004. These finding indicate that screening

for adequate levels of field resistance are critical to rice
blast control [19].
The objective of this study is to identify resistance
genes that effectively confer resistance to rice blast under
the field conditions of Turkey.

2. MATERIALS AND METHODS
2.1. Experiment locations

The three most important rice producing provinces in
Turkey are Edirne (39.401 ha), Samsun (13.562 ha) and
Balikesir (12.748 ha), that together make up 66% of the
total cultivated rice area at 99.400 ha [18]. And thus, in
2011, differential rice cultivars were sown at ten location
in the afore mentioned provinces as follows: in Edirne
province at the 1) Edirne Institute Research Field, at 2) Ipsala, Yenikarpuzlu, Pasali and at 3) Ipsala, Saricaali; in
Samsun province at the Samsun the 4) Institute Research
Fields at 5) Carsamba and at 6) Bafra; in Balikesir province
at 7) Gonen, Tahirova and 8) Manyas. In addition, trials
were implemented in Tekirdag province at 2 locations 9)
Malkara and 10) Hayrabolu. The trials did not develop any
blast symptoms at the Edirne Institute Research Field and
Bafra locations, so, materials were not evaluated for blast
infection at the these two locations and data were collected
at eight locations in 2011.
Differential rice cultivars were planted again at two locations during 2013 : in Edirne province at Ipsala Saricaali
and in Balikesir province at Gonen, Tahirova.
2.2. Plant material

The differentials sown in 2011 consisted of 21 monogenic LTH lines harbouring 16 different resistant genes,
line ‘IR-83260-1-1-7-2-1-2-B’ with the Pi40 gene. The international susceptible checks ‘Lijiangxintuanheigu’ (LTH)
and ‘CO39’, the local susceptible checks ‘Diyarbakır yerli’
and ‘Sarıçeltik’, and the cultivars ‘Osmancık-97’, ‘Halilbey’,
‘Edirne’, Ece’, ‘Sumnu’, ‘Beser’, and ‘Katy’. In 2013, 29
monogenic LTH lines harbouring 24 blast resistance genes
and 2 lines ( ‘IR99598-2-8’, ‘IR99598-1-5’) harbouring the
Pi40 gene were tested.
2.3. Cultivation conditions

Each year, seeds were sown into plastic trays in the
third week of May, and 20 day old seedlings were transplanted to the field. Each line or variety was transplanted
into 1 m long rows with a row distance of 25 cm. The test
rows were surrounded with the local susceptible checks
‘Diyarbakir yerli’ and ‘Sariçeltik’ to help initiate and
spread a blast epidemic. And for same purpose, excess nitrogen (250 kg/ha) was applied.
2.4. Disease evaluation

The trials were monitored and scored for the presence
of blast disease symptom from growth stage 4 to growth
stage 9. Leaf blast and panicle blast severities were scored
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according to the Standard Evaluation System For Rice between 0 (resistant) and 9 (susceptible) [20] and explained
0: HR (Highly resistant), 1-2: R (Resistant), 3-4: MR (moderately resistant), 5-6: MS (moderately susceptible), 7-9: S
(susceptible). Whenever the trials were repeatedly scored,
the highest score reached during the epidemic was retained
as the final score value for each entry.

3. RESULTS AND DISCUSSION
As can be seen from Table 1, local susceptible checks
‘Diyarbakir yerli’ and ‘Sariçeltik’, together with international
susceptible checks ‘CO39’, and ‘Lijiangxintuan-heigu’, were
very susceptible to blast at most locations. Moreover, the registered varieties of Trakya Agricultural Research Institute
(‘Osmancık-97’, ‘Halilbey’, ‘Edirne’, ‘Ece’, ‘Sumnu’ and
‘Beser’ were not resistant to blast. ‘Sumnu’ was the more
resistant, followed by ‘Halilbey’ and ‘Osmancik-97’. ‘Ece’
showed a highly susceptible reaction, similar to that of the
susceptible checks.

Virulence to the resistance genes Pi3, Pi19, Pia, Pii,
Pik, Pik-s, Pish, Pit, Piz and Piz-t was present in most of
the locations monitored. From this study, we conclude that
these genes are not suitable to be used for breeding blast
resistant rice varieties for Turkey.
On the other hand, the differential lines with resistance
genes Pi1, Pi7, Pi9, Pi12, Pi20, Pi40, Pib, Piz-5, Pik-p,
Pik-h and Pik-m showed a resistant reaction at most of the
locations tested and these genes appear the more promising
ones for the blast resistance rice improvement program for
Turkey.
Furthermore, the lines containing the genes Pi5(t),
Pita, Pita-2, Pit, and Piz genes also showed high resistance
at part of the locations, indicating that these resistance
genes may confer resistance to certain races. Incorporating
these genes with combinations of the previous group may
further add to the stability of the resistance, and these genes
can also be considered in breeding programs at improving
the blast resistance of Turkish rice cultivars.

TABLE 1 - Blast scores for 8 locations in 2011 and 2 locations in 2013. 0:HR, 1-2:R, 3-4:MR, 5-6 MS, 7-9 S
Designation

IRBL7-M
IR83260-1-1-1-2-1-22-B
Katy
IR99598-2-8
IR99598-1-5
IRBLkp-K60
IRBLkh-K3
IRBLkm-Ts
IRBLb-B
IRBLz5-CA
IRBL20-IR24
IRBLz-CA®
IRBLsh-S
IRBLta2-Pi
IRBL 12-M
IRBLta2-Re
Sumnu
IRBL 1-CL
IRBL9-W
IRBLks-S
IRBL5-M
IRBLz-Fu
IRBLta-CP1
IRBLta-K1
IRBLt-K59
Halilbey
IRBLzt-T
IRBLsh-B
Osmancik-97
IRBL3-CP4
IRBLta-CT2
IRBLk-Ka
IRBL19-A
IRBLks-F5
Beser
Edirne
IRBLa-C
IRBLi-F5
Lijiangxintuanheigu (LTH)
CO39
Ece
Diyarbakiryerli
Sariçeltik
IRBLa-A

Resistance
Gene
Pi7 (t)
Pi40
Pi-ta
Pi40
Pi40
Pik-p
Pik-h
Pik-m
Pib
Piz-5(Pi2)
Pi20 (t)
Piz-5(Pi2)
Pish
Pita-2
Pi12 (t)
Pita-2
Pi1
Pi9 (t)
Pik-s
Pi5 (t)
Pi-z
Pita, (Pi4)
Pita (Pi4)
Pit
Piz-t
Pish
Pi3
Pita (Pi4)
Pik
Pi19
Pik-s
Pia
Pii
Pia

Locations and Scores in 2011 (L= Leaf, P =Panicle blast score)
Sarıcaali
L P
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
1
3
3
1
3
1
3
1
1
5
5
1
5
1
3
5
5
5
5
3
5
9
9
9
9
7
9
7
7
7
7
9
9
5
9
9
9
9
9
9
9
9
9
-

Pasalı
L P
1 1
1 1
1 1
- - - - - 1 1
3 3
1 1
1 1
1 1
1 1
3 3
1 1
1 7
3 3
3 1
1 1
1 1
3 5
3 1
1 1
- 3 5
- - 5 3
7 5
7 7
7 7
- 7 7
7 1
7 9
- 9 9
9 9
9 9
9 3
9 9
9 9
- -

Tahirova
L
P
1
1
1
1
1
1
1
1
1
1
5
5
1
3
1
1
1
1
3
3
3
3
3
3
3
3
1
1
1
1
3
3
5
5
1
1
1
1
5
5
5
5
3
3
1
1
5
5
5
5
5
5
7
7
7
7
9
9
7
7
9
9
9
9
9
9
-

Manyas
L P
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
3
1
1
1
1
1
1
1
1
1
1
1
1
3
3
3
3
3
3
7
7
1
1
5
5
3
3
3
3
5
5
5
5
9
9
9
9
7
7
9
9
9
9
-

Malkara Hayrabolu Samsun
L P
L
P
L P
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
3
1
1
1
1
1
1
1
1
1
3
1
1
1
3
3
1
1
1
3
1
1
5
1
1
1
5
1
1
5
1
5
1
3
1
1
1
3
1
3
1
1
1
3
1
5
1
5
5
5
1
1
1
1
1
1
1
5
1
3
3
5
1
1
3
1
1
1
3
1
5
1
1
1
5
5
1
5
5
5
1
3
7
5
3
3
5
1
3
3
5
1
5
3
3
3
1
3
7
3
7
7
5
3
5
3
5
5
5
3
5
1
7
7
7
1
7
3
7
7
7
3
7
1
3
3
9
1
9
1
9
9
5
1
5
5
9
9
9
5
9
5
9
9
9
5
9
9
9
9
9
9
9
9
9
9
9
9
9
-
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Locations and Scores
in 2013
Carsamba Ipsala
Gonen
L
P L
P
L P
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
1
1
1
1
1
1
1
5
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
3
5
1
5
1
1
1
3
1
3
3
1
1
3
1
3
3
3
3
5
5
1
3
1
3
1
1
3
3
3
3
3
3
1
3
1
3
1
1
5
3
9
3
9
5
1
1
3
1
1
1
1
5
3
5
7
1
3
7
5
7
5
3
3
3
3
3
3
3
3
1
5
3
3
7
5
3
3
3
5
3
3
3
7
5
3
5
7
5
7
3
1
5
1
5
1
1
5
5
5
5
7
3
5
3
5
7
5
5
5
5
5
7
7
5
5
7
9
7
9
5
7
7
1
1
7
7
9
9
9
9
9
7
9
9

Mean Score
L

P

1,00
1,00
1,00
1,00
1,00
1,00
1,00
1,00
1,20
1,20
1,40
1,40
1,60
1,60
2,00
2,00
2,00
2,00
2,20
2,20
2,60
2,60
2,80
2,90
3,00
3,75
4,00
4,00
4,25
4,60
4,60
4,80
5,00
5,20
5,25
6,00
6,00
6,40
7,25
7,25
8,00
9,00
9,00
9,00

1,00
1,00
1,00
1,00
1,00
2,00
1,00
3,00
1,20
1,20
1,40
1,20
1,40
1,60
1,80
2,00
4,00
2,00
1,80
2,00
2,60
1,80
3,00
2,80
3,00
4,00
2,00
5,00
4,00
4,00
4,60
4,80
5,00
5,00
4,50
6,25
6,00
6,40
6,75
7,25
7,25
9,00
9,00
8,00
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Considering the resistance patterns observed for the
registered varieties, ‘Osmancık-97’, ‘Halilbey’, ‘Edirne’,
‘Ece’, ‘Sumnu’ and ‘Beser’, we concluded that none of
them contains effective resistance genes against the blast
pathogen population present in Turkey, with the possible
exception of ‘Sumnu’ that showed a highly resistant reaction at some locations. Interestingly, the USA variety
‘Katy’ carrying Pita gene [19] showed a highly resistant
reaction at all locations, and its resistance was higher than
any of the LTH near isogenic lines that also harbour the
Pita gene. We therefore hypothesize that ‘Katy’ carries a
second unidentified gene besides Pita.

Pi5(t), Pita, Pita-2, Pit, and Piz genes, when added to such
stacks, could further improve blast resistance in rice cultivars for Turkey.

From this study we learned that most of the blast resistant genes that show some promise for use in Turkey,
are not available in the crossing block of the Turkey rice
breeding program. Thus, donors carrying these resistance
genes should be introduced to crossing program either from
the LTH monogenic lines or other varieties. For example
‘Moreberekan’ is harbouring Pi5 and Pi7 genes [10] and
these two genes showed resistance against blast races present in the fields of Turkey, and thus we recommend to include ‘Moroberekan’ in the crossing block. The present
study aimed at knowing which resistance genes could be
useful for the breeding program is the first of its kind in
Turkey. Previously, resistance genes Pib, Piz, Pik-p and
Pita-2 were reported to confer resistance to the blast pathogen populations present in other European countries [15]
and Pi5 was reported to provide resistance in Iran [16]. The
present study allowed us to identify a number of resistance
genes that confer effective resistance under field conditions
in Turkey. However, among these, genes, Pish, Pita and
Pit did not confer resistance elsewhere in Europe [15] so,
we recommend that these genes should not be used alone
to improve blast resistant cultivars for Turkey. On the other
hand, genes Pib, Pik-h Pik-m, Pik-p, Piz-5, Pi7, Pi9, Pi12,
Pi20 and Pi40 could be used alone or in different combinations. Considering desired stability and durability of the
resistance, we recommend to pyramid or stack different
combinations of these effective resistance genes into new
future Turkish rice varieties. Such stacks could be further
strengthened with genes Pi1, Pi5, Pit, Pita, Pita-2, and Piz
to obtain durably resistant cultivars against rice blast that
will benefit the rice farmers in Turkey.
On the other hand, these resistant genes should monitor at more locations and years in future years, because
rice blast disease is constantly evolving and races constantly changing. According to change of future year’s results, rice blast resistant breeding program can be modified.

4. CONLUSION
Pi7, Pi9, Pi12, Pi20, Pi40, Pib, Pik-h, Pik-m, Pik-p,
and Piz-5 genes can be used alone or in different combinations to obtain durable resistance to rice blast in Turkey,
we recommend breeding cultivars containing different
stacked combinations of afore mentioned genes. Pi1,
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ABSTRACT
In this study, the possible genotoxic potential of benfuracarb, one of the widely used carbamate insecticides in
agriculture, was evaluated by performing the micronucleus
assay in human peripheral blood lymphocyte cultures. It was
determined that CBPI (%) (cytokinesis-block proliferation
index) was reduced at all concentrations of benfuracarb in
both 24- and 48-h treatment periods. CBPI rate (%) was
revealed to be statistically significant for both control and
negative control groups at 500, 750, and 1000 µg/ml concentrations of 24-h treatment period as well as 750 and
1000 µg/ml concentrations of 48-h treatment period. This
reduction in the CBPI (%) indicates that benfuracarb can
be regarded to be cytotoxic on human cells in vitro, and
requires further in vivo studies to clarify the actual genotoxicity of this compound.
KEYWORDS:
Benfuracarb, genotoxicity, micronucleus assay, pesticide

1. INTRODUCTION
In recent years, people have been exposed to many
type of chemicals, with broad spectrum due to the rapidly
evolving technology. Technology has brought us clear conveniences, and thousands of chemical substances produced
in different areas take place on the market every year. One
of these chemical substance group is that of pesticides. Pesticides are widely used in agriculture in order to improve
efficiency and quality of products, and store them. Their
application is still the most effective and accepted means
for the protection of plants from pests [1].
Benfuracarb belongs to the benzofuranyl methylcarbamate insecticide group of pesticides, and is widely used in
agriculture. N-methylcarbamate insecticides are structurally derived from carbofuran, a substance that was put on
the market in the late 1960s and extensively used in agriculture since then [2].
* Corresponding author

Pesticides worry people because of their extensive use,
adversely affect the environment, cause pesticide resistance,
bringing about cancer and a variety of diseases on living
organisms [3-5].
Scientists have used a variety of methods to identify
genotoxicity of chemicals until today [6-8]. Micronucleus
(MN) assay is widely used among genotoxicity testing systems because of easy to perform by comparison analysis of
chromosomes, providing advantage of obtaining statistically meaningful results, and counting further number of
cells in genotoxic damage detection. Micronuclei formations
are arising during mitosis and not integrating in the main
nucleus. They may arise from a whole lagging chromosome or an acentric chromosome fragment. An increase in
MN cells is regarded as indirect indicator of numerical and
structural chromosome disorders, formed by chemicals in
cells [9-11]. MN assay is an effective method in identifying
cytogenetic abnormalities because of its widespread applicability under in vitro conditions and easiness in counting [12-15]. Many studies have demonstrated the efficiency
of MN assay on detecting DNA damage, caused by pesticides [16-18].
In this study, we aimed to determine the possible genotoxic effect of benfuracarb in human peripheral lymphocytes by using MN assays. This study is the first to our
knowledge using the micronucleus assay to examine the
effects of benfuracarb in human lymphocytes in vitro.
2. MATERIALS AND METHODS
2.1 Chemicals

Benfuracarb (Cas No. 82560-54-1) was obtained from
Sigma-Aldrich, USA and dissolved in DMSO. Chromosome Medium B (Biochrom Cas No. F5023) and mitomicyn C (MMC), the chemical mutagen selected for positive
control because of its clear response in the micronucleus
assay, were obtained also from Sigma–Aldrich, USA.
2.2 Lymphocyte culture

The Ethic Committee of the Uskudar University approved this study. Blood samples were collected from four
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healthy volunteers: 2 females and 2 males aged 24-30 years
old, respectively, with no smoking history. Previous to the
analysis, all blood donors gave informed consent, and blood
samples were collected and further manipulated in accordance with ethical standards. Lymphocyte cultures from samples collected were set up adding 0.2 ml of whole blood to
2.5 ml of chromosome medium B [19].
2.3 Cytokinesis-block micronucleus assay

For in vitro micronucleus assay, modifying of the
method developed by Rothfus et al. [20] was used; 6 drops
(0.2 ml) of 1/10 heparinized blood samples obtained from
two male and two female volunteers was added to the chromosome media under sterile conditions [19]. Cell cultures
were incubated in incubators at 37±1 °C for 68 h.
In order to examine the effect of benfuracarb, 250, 500,
700 and 1000 µg/ml concentrations were added to culture
medium, 20 and 44 h after culture initiation. Besides, each
experiment also had a solvent control, a negative control
with added 1% DMSO (dimethyl sulfoxide), and a positive
control with added MMC (0.20 µg/ml). 44 hours later, after
the initiation of incubation, 6 µg/ml Cytochalasin B (Cyt
B) was added to each tube (Cyt B) and, by this way, cytokinesis was prevented in nuclear division.
At the end of incubation, the culture tubes were centrifuged at 2000 rpm for 5 min, the supernatant was discarded
and, after hypotonic solution (0.4% KCI) was added to the
tubes containing cells, the tubes were centrifuged directly
without incubation. Hypotonic solution was added to the
culture slowly and by pipetting. Culture tubes were centrifuged at 1200 rpm 10 min, the supernatant was discarded
and the first fixative (1:5:6, v/v, of glacial acetic acid:
methanol:0.9% NaCl) was added and the cells were treated
with this fixative. After treating with the first fixative at
room temperature, glacial acetic acid:methanol (1:5, v/v)
was added twice to the tubes which were centrifuged at
1200 rpm for 10 min and held at room temperature for 10
min after the second fixative treatment. In third fixative
treatment, tubes were centrifuged immediately. After centrifugation, the supernatant was discarded and the cells accumulating at the bottom of the culture tubes were re-suspended. Then, microscope slides were prepared by dropping cell suspension on cold and clean microscope slides.
A day later, the preparates were stained with 5% Giemsa
prepared in Sorensen buffer for 18 min, rinsed in distilled
water and left to dry. After drying process, slides were covered with Entellan (Merck, Germany) and made available
for examination. Permanent slides were examined under a
light microscope with magnification of 10×40 = 400.
2.4 Microscope analysis

For calculating the MN frequencies, in permanent
slides which belong to each donor, 2000 cells having two
nuclei (binuclear) for each donor's experimental group and
their controls were examined, and cells with micronuclei
were identified within these binuclear cells. Proportion of
cells with 1-4 nuclei was determined. Cytokinesis-block proliferation index (CBPI) ratio was calculated according to

Surralles et al. [21]. The criteria proposed by Titenko-Holland et al. [22] and Fenech [14] were followed to determine
the frequency of binucleated cells with micronuclei (BNMN).
The frequency of BNMN is a parameter measuring the
genotoxicity of the tested compound. Since the BNMN is
more biologically relevant, (in terms of genotoxic potency),
the statistical analysis has been carried out using this biomarker of genotoxicity. In addition, the CBPI is used as a
measure of the cytotoxic or cytostatic potential of the tested
chemical [14, 21].
2.5 Statistical analysis

Comparison of mean values of the percentages of cells
with BNMN and the CBPI, at different exposure conditions, and their controls was done by use of the student-t
test. Statistical calculations were carried out with the SPSS
software package program. In statistical analysis, p<0.05
was accepted statistically to be significant.

3. RESULTS
In order to determine the potential genotoxic effect of
benfuracarb, four different concentrations (250, 500, 700
and 1000 µg/ml) were applied to cultures of human peripheral lymphocytes in vitro at different treatment times (24
and 48 h). Two thousand cells (8000 cells in total for 4 people) having 1, 2 nuclei and multinuclei, were counted for
the determination of CBPI. In MN assay method, genotoxicity was evaluated by analyzing BNMN ratio (%). For each
concentration and treatment time, 2000 cells with 2 nuclei
were counted and compared with negative control. Values
of BNMN (%) and CBPI (%) under different treatment periods and different doses of benfuracarb are shown in Table 1.
TABLE 1 - Values of BNMN and CBPI (%) in both different treatment periods and doses of benfuracarb.

Dose
(μg/ml)

CBPI(%) ± SE
Treatment periods
24 h
48 h

BNMN (%) ± SE
Treatment periods
24 h
48 h

Control 1.50±0,04
1.50±0,05 0.11±0,01
0.22±0,02
DMSO 1.50±0,08
1.49±0,04 0.54±0,21
0.29±0,02
MMC
1.25±0,04*
1.15±0,06* 12.72±2,44*
18.24±4,55*
250
1.44±0,04
1.42±0,05 0.69±0,10
0.57±0,05
500
1.36±0,05*
1.38±0,05 0.70±0,05
0.61±0,01
750
1.29±0,04*
1.36±0,06* 0.90±0,24
0.65±0,01
1000
1.27±0,04*
1.33±0,04* 0.91±0,26
0.82±0,14
* Difference of means is significant at the p<0.05 level ( student-t test);
SD: Standard Deviation

According to final data, an increase was revealed for
all concentrations in 24- and 48-h treatment periods in a
dose-dependent manner. None of the applied concentrations
of both treatment periods were statistically significant from
negative control group. However, the positive control values
were statistically significant in both treatment periods.
In MN test method, all benfuracarb concentrations applied in both treatment periods reduced CBPI (%). For 500,
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750 and 1000 µg/ml concentrations of 24-h treatment period, CBPI ratio (%) was observed to be statistically significant for both control and negative control. But in 48-h treatment period, 750 and 1000 µg/ml concentrations were revealed to be significant for both controls. The positive control values were revealed as statistically significant in both
treatment periods.
4. DISCUSSION
Due to the fact that pesticides are manufactured numerously in various types and widely used, research for
their mechanism of impact is necessary. As a result, there
are many different tests for determining this mechanism.
Therefore, in order to investigate genotoxicity of chemicals, various cytogenetic test systems are applied. MN test
is a quite reliable and accurate test used in different cell
types and easily scored. MN assay is one of the widely preferred standard genotoxicity assays used for assessing clastogenic-induced chromosomal damages [13, 18, 23, 24]. In
many studies, MN formation was reported after exposure
to various pesticides [25, 26].
Micronuclei (MN) are defined as formations, not integrating in the main nucleus, arising during mitosis. They
may arise from a whole lagging chromosome or an acentric
chromosome fragment. These formations generally arise
from deficiencies in genes controlling the cell cycle, defects
in mitotic spindle, kinetochore or other fragments of mitotic apparatus, and chromosomal defection. An increase
of MN number is considered as an indirect indicator of numerical and structural chromosomal disorders formed by
various substances in cells [11].
Substances stimulating the aneuploidy, generate centromere (center portion of a chromosome) division defects
and dysfunctions in spindle fibers. Clastogens create chromosome breakage and they lead to MN formation [24].
Therefore, MN assay is the only biomarker which is permitting evaluation of clastogenic and aneugenic effects together [25, 27].
In this study, we chose the MN approach to evaluate
the potential risk for chromosome damage in cultured human lymphocytes exposed to different concentrations of
benfuracarb.
According to our test results, although an increase was
observed in BNMN (%) in a dose- and treatment time-dependent manner, no statistically significant increase was
observed. However, we realized that all benfuracarb concentrations applied in both 24- and 48-h treatment periods
reduced CBPI (%). CBPI ratio (%) was observed to be statistically significant for both control and negative control in
500, 750 and 1000 µg/ml concentrations of 24-h treatment
period. But in 48-h treatment period, 750 and 1000 µg/ml
concentrations were revealed as significant for both controls. Consequently, decrease of CBPI rate (%) in these
concentrations showed that benfuracarb has a potential to
reduce velocity of nuclear divisions progress in human
lymphocytes.

Similarly, Yüzbaşıoğlu et al. [28] determined the genotoxicity of Afugan, a cholinesterase enzyme inhibitor that
belongs to the organophosphate fungicides, in human peripheral lymphocytes by using the MN assay. In that study,
2.5, 10 and 20 µg/ml concentrations were applied to lymphocytes during 24 and 48 h of treatment, and the authors
observed that MN frequency increased significantly at all
doses.
In another study, Stehrer-Schmid and Wolf [2] evaluated cytogenetic activity of carbosulfan, furathiocarb and
benfuracarb in mice bone marrow in vivo. These three substances led to a positive micronucleus response in polychromatic erythrocytes of the bone marrow, at different
treatment periods and concentrationws, similarly to our
work. After treating with furathiocarb and carbosulfan, the
highest micronucleus formation values were determined
during 72-h treatment period, whereas the highest values
were determined during the 24-h treatment period for benfuracarb.
Ennaceur et al. [29] investigated the potential genotoxic effects of 1-dichloro-2,2-bis (p-chlorophenyl) ethylene (DDE), dichlorobiphenyltrichloroethane (DDT) and
hexachlorobenzene (HCB), organochlorine pesticides, in
human peripheral lymphocytes by applying MN assay.
They showed that the DDT metabolite DDE was able to
induce significant increases in the frequency of micronucleated cells, which indicates a certain clastogenic and/or
aneugenic potential.
In another study, Panneerselvam et al. [30] evaluated
genotoxicity of fluchloralin herbicide, by using chromosome aberrations and micronucleus assay system in human
peripheral lymphocytes. In their experiment, they applied
different doses and treatment periods (24 and 48 h). At high
concentrations (20, 40, 50 µg/ml), a significant increase
was observed in the formation of MN in dose-dependent
manner.
5. CONCLUSIONS
In this study, a significant reduction of the CBPI (%)
value was observed in cultures treated with benfuracarb.
This result indicated that benfuracarb seems to produce effects on the proliferation/mitotic index when its concentration is 500 µg/ml and above.
It was concluded that benfuracarb can be regarded to
be cytotoxic on human cells in vitro and requires further in
vivo studies to clarify the actual genotoxicity of this compound and the consequent risks for human health.
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ANODIC DEGRADATION OF CAFFEINE
UNDER DIFFERENT OPERATING CONDITIONS
Te-San Chen, Yu-Syuan Chen, Ren-Wei Tsai and Kuo-Lin Huang*
Department of Environmental Science and Engineering, National Pingtung University of Science and Technology, Pingtung 91201, Taiwan (ROC)

ABSTRACT
This study investigates the electrochemical oxidation
of caffeine under various operating parameters (current
density, initial caffeine concentration, electrode material
(BDD, PbO2, and Pt), and sample matrix). According to cyclic voltammetric analysis, the oxidation of caffeine on
BDD was found to be electrochemically irreversible. The
degradation efficiency of caffeine increased with increasing current density but noticeably decreased as initial caffeine concentration increased. Superior to the PbO2 and Pt
electrodes for caffeine degradation and total organic carbon abatement, the BDD anode exhibited the highest maximum value of caffeine mineralization current efficiency.
At 200 mA/cm2 and 25°C, the pseudo-first-order rate constants of caffeine oxidation were 7.6×10-4 and 6.9×10-4 1/s
in 0.1 M Na2SO4 solution and secondary (municipal)
wastewater treatment plant effluent, respectively.

KEYWORDS: Boron-doped diamond electrode; Caffeine; Electrodegradation; Mineralization current efficiency

1. INTRODUCTION
Caffeine (C8H10N4O2) is a xanthine alkaloid compound, the most commonly used legal drug in the world. It
is widely present in coffee, tea, cola nuts, cocoa beans, or
caffeinated soft drinks [1]. Approximately 3% of a person’s caffeine intake is excreted in the urine [2]; furthermore, it is relatively stable under variable environmental
conditions and has high water solubility and mobility and
a negligible volatility [3, 4]. Therefore, it has been detected
in many surface streams and municipal wastewater treatment plant (MWTP) effluents [5, 6]. For example, in Brazil, a high concentration of caffeine (1.3 µg/L) was observed
in the effluent of MWTPs, while the concentrations of caffeine were 1.10−1.06 and 0.22 µg/L in raw and drinking
water, respectively [7, 8].
Caffeine can be abated through advanced oxidation
processes (AOPs) such as photo-Fenton process [9], cata* Corresponding author

lytic degradation [10], ozone treatment [11], and electrochemical oxidation [12]. However, photo-Fenton processes
need the addition of extra chemicals (e.g., Fe2+ and H2O2)
and the matrix influence on caffeine degradation was obvious [9]. Catalytic and ozone degradation methods can degrade caffeine efficiently, but suffer from insufficient mineralization of intermediates [10, 11]. Furthermore, in some
cases, highly toxic by-products can be produced during
ozonation [13]. On the other hand, the electro-oxidation approach has been demonstrated to be a well established and
an effective technology to destruct the biologically persistent
organic pollutants in water or wastewater treatment [14].
In the contaminant electro-degradation processes, Pt
[15] and PbO2 [16] electrodes are usually used as anodes in
study for comparison and additional consideration of anode
materials. In general, the oxygen evolution potential is
higher on PbO2 than on Pt, while that on boron-doped diamond (BDD) [17] is even higher, which is favored for the
electrochemical oxidation and mineralization of organic
contaminants. Recently, BDD electrodes have been used as
anodes to successfully destruct a variety of organic pollutants [17, 18]. BDD anodes exhibit unique advantages such
as low electrical resistivity, long-term stability, good resistance to surface fouling, and high oxygen evolution
over-potential [19]. However, little is known for the anodic
removal of caffeine on BDD. The aim of this work is to
study the electrochemical degradation of caffeine under
different operating parameters, such as current density, initial caffeine concentration, anode material, and sample
matrix. Also, the electrochemical behavior of caffeine on
BDD, and the mineralization of caffeine on different anodes were explored.
2. MATERIAL AND METHODS
2.1 Chemicals and materials

In this study, the caffeine (Fig. 1) (Sigma-Aldrich, USA)
was analytical grade powder material and it was used without
further purification. The BDD electrode was purchased
from CONDIAS GmbH (Germany) (substrate: Niobium),
while the Pt was supplied from SPEMET Co. Ltd. (Taiwan). The fabrication of PbO2 electrode (dominated by βPbO2) is provided elsewhere [20]. The separator of electrolytic cell was Nafion-212 (Dupont), a type of perfluorosul-
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fonic acid cation exchange membrane. Besides, Na2SO4
(SHOWA Co. Ltd. (Japan)) was employed to prepare the
supporting electrolyte. HPLC analytical grade methanol
was purchased from ECHO Chemical Co. Ltd. (Taiwan).

with time based on the readings of DC power supply. Samples were taken at intervals during the electrolysis. The
concentrations of residual caffeine in samples were analyzed by high-performance liquid chromatography (HPLC),
while the total organic carbon (TOC) was monitored by
TOC instrument (see below).
2.4 Analysis

FIGURE 1 - Molecular structure of caffeine.
2.2 Electrochemical measurement

The electrochemical behavior of caffeine in prepared
solutions (50 mg/L caffeine in 0.1 M Na2SO4 solution) was
investigated through cyclic voltammetry (CV) in an undivided cell. The potential scan range was 0.8↔1.8 V (starting/ending at 0.8 V vs Ag/AgCl and scan rate = 100 mV/s)
for the CV measurements. A CHI 660B electrochemical
work station connected with a computer was used to conduct
the voltammetric measurements. The working electrode was
a BDD electrode with an area of 1 cm2 and the counter electrode was a platinum wire. An Ag/AgCl electrode (3 M KCl,
0.207 V vs SHE (standard hydrogen electrode) at 25°C)
was used as the reference electrode.
2.3 Caffeine electrolysis

In this work, the tested concentrations of caffeine were
higher than those found in MWTPs and natural water systems to assure good caffeine quantification in the electrooxidation process (not for the application to a real case).
The anolyte (100 mL) was caffeine in 0.1 M Na2SO4 (supporting electrolyte) or municipal wastewater treatment plant
secondary effluent (MWTPSE) spiked with 50 mg/L caffeine and 0.1 M Na2SO4 while the catholyte was only 0.1 M
Na2SO4 solution. The cathode was a Ti plate whereas the
anode was a planar Pt, PbO2, or BDD electrode. These electrodes had the same geometric working surface area (1 cm2).
The experiments were performed at 25°C under different
initial caffeine concentrations (25−75 mg/L) and current
densities (50−200 mA/cm2). All the experiments for the
electro-oxidation of caffeine in anolyte were galvanostatically performed in a thermostatted divided cell (25°C), and
each electrolyte was well stirred using a magnetic stirrer.
A Nafion-212 membrane was used to separate the anode
and cathode compartments. Prior to use, the Nafion-212
was heated at 65°C in 1 M (~3%) H2O2 for 1 h to remove
organic impurities. Then, the membranes were washed three
times with deionized distilled water (DDW) and stored in
DDW. All the electrolytic experiments were performed using a DC power supply (Good Will Instrument Co. Ltd.
GPS-2303). The cell voltage and current were monitored

The MWTPSE was collected at a MWTP in southern
Taiwan. The pH, conductivity, and oxidation-reduction potential (ORP) were measured using a pH meter (TS-100), a
conductivity meter (SC-170), and a microprocessor pH
meter (SP-2200, Suntex, Taiwan), respectively. The dissolved oxygen (DO) and PO43- were determined using the
analyzers of Lutron DO-5510, and Shimadzu UV-1601, respectively. A chemical oxygen demand (COD) analyzer
(COD Reactor CR25, Rocker) coupled with a colorimeter
(Hach-DR-890) was employed for COD measurement,
while the analysis of biological oxygen demand (BOD)
was conducted in a BOD incubator (Incubator 721, HJHT).
The total organic carbon (TOC) was monitored by a Shimadzu 5000 Model TOC analyzer (based on the thermal
catalytic oxidation principle). The carrying gas was purified air with a flow rate of 150 mL/min. The temperature
in the oven was 680oC. Platinum was used as catalyst in
order to carry out the combustion reaction of organics. Calibration of the TOC analyzer was performed using potassium hydrogen phthalate standards.
To determine the concentrations of caffeine, the separations in the HPLC (Hitachi chromaster 5420) instrument
were performed on a RP-C18 column (250 mm×4.6 mm,
particle size, 5µm). The mobile phase was water/methanol
(70:30, v/v), with a flow rate of 1mL/min. The injection
volume was 20 µL and the working wavelength for quantitative analysis was 254 nm. A personal computer
equipped with a Hitachi chromaster system manager for
HPLC was used to acquire and process chromatographic
data. The retention time of caffeine was identified to be
7.56 min (Fig. 2). Triplicate measurements were conducted
for a series of prepared caffeine standard solutions to determine the measurement errors of the HPLC method. The
relative standard deviations (RSDs) were 1.1−2.5% for
1−50 mg/L caffeine. The linear fitting of calibration curve
yielded an R2 value of 0.999 (the inset in Fig. 2).
Mineralization of caffeine was evaluated based on the
abatement of corresponding TOC. Accordingly, the mineralization current efficiency (MCE) for an electrolyzed solution at a given time (t, in hour) was calculated by Eq. 1
[21]:

MCE (%) 

nFV s  (TOC ) exp
4.32  10 7 mIt

 100

(1)

where n is the number of electrons consumed in the
mineralization process, F is the Faraday constant (96,487
C/mol), Vs is the solution volume (L), Δ(TOC)exp is the experimental TOC decay (mg/L), 4.32×107 is a conversion
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FIGURE 2 - HPLC chromatograms for different caffeine concentrations; inset: peak area against concentration.

FIGURE 3 - Cyclic voltammograms (scan rate = 100 mV/s) of caffeine (50 mg/L) in 0.1 M Na2SO4 solution on BDD electrode at 25°C.

factor (=3600 s/h × 12,000 mg of C/mol), m is the number
of carbon atoms (8) in a caffeine molecule, I is the applied
current (A), and t is the electrolysis time (hour). The value
of n was taken as 26 assuming that the overall mineralization of the caffeine involves its conversion into CO2, and
the main product from nitrogen was NH4+ via reaction (2):
C8H10N4O2 + 14H2O → 8CO2 + 4NH4+ + 22H+ + 26e- (2)

3. RESULTS AND DISCUSSION
3.1 Cyclic voltammetric (CV) analysis of caffeine on BDD electrode

CV experiments were performed to examine the electrochemical behavior of caffeine at BDD in 0.1 M sodium
sulfate solution (supporting electrolyte). Fig. 3 shows the
cyclic voltammograms of 50 mg/L caffeine in 0.1 M Na2SO4.
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As can be seen from this figure, during the first anodic
sweep from 0.8 to 1.8 V vs Ag/AgCl, a well-shaped oxidation peak was observed at about 1.48 V vs Ag/AgCl, but
the reverse scan from 1.8 to 0.8 V vs Ag/AgCl did not show
any corresponding reduction peak, suggesting that the electrochemical oxidation of caffeine at BDD was totally irreversible. Additionally, as the number of scanning cycle increased, the anodic peak current decreased until it reached
stable. This phenomenon was also observed on BDD electrodes for the anodic oxidation of other organic compounds
such as phenol [22], chlorophenols [23], polyhydroxybenzene [24], 17β-estradiol (E2) [25], ofloxacin [18], and estriol (E3) [26]. This result is attributed to the deposition of
organic films on BDD surface, and then these films deactivated the electrode. According to some earlier investigations [22, 25], the fouling layer could be removed by anodic polarization in the potential region of water decomposition (>2.3 V).

more than 120 min to achieve the same level of caffeine
degradation at jappl = 100 mA/cm2. The caffeine degradation efficiency was even lower at jappl = 50 mA/cm2, only
86% after 150 min electrolysis. This phenomenon is related
to the fact that increasing current density led to the increase
of overpotential and hydroxyl radical (·OH), associated
with the degradation of caffeine.
If the concentration of hydroxyl radical was approximately constant in the electrolytic process, then the caffeine degradation could be assumed to be a pseudo-first order reaction written as follows:
 d [caffeine ]
 k [caffeine ][OH ]  k app [caffeine ]
dt

The regressions of Ln(Co/C) vs. time data were all linear (R2 = 0.945−0.995) at different current densities (the
inset in Fig. 4), supporting the mentioned assumption. The
apparent rate constants (kapp) of the caffeine oxidation can
be determined from the slopes of these regression lines.

3.2 Effect of current density on caffeine degradation

Current density is an important parameter that may influence electrochemical degradation of organic compounds. Therefore, the degradation of caffeine on BDD
was also tested at different current densities. Fig. 4 shows
the trend of C/Co ratios (C: the residual concentration of
caffeine at a given electrolytic time, and Co: the initial concentration of caffeine) for the anodic oxidation of caffeine
on BDD at different applied current densities (jappl) (50–
200 mA/cm2). The rate of caffeine degradation was greatly
dependent on the jappl, and became faster with increasing
current density. For example, the degradation efficiency of
caffeine was nearly 100% (= [1 − (C/Co)]×100%) at jappl =
200 mA/cm2 for 60 min electrolysis, whereas it required

1.2

50 mA/cm2

The calculated kapp were 1.3×10-4, 3.0×10-4, and 7.6×10-4
1/s at 50, 100, and 200 mA/ cm2, respectively. The rate constants almost linearly increased with increasing jappl at a
constant initial concentration of caffeine, revealing that the
degradation process of caffeine was controlled more by electrode kinetics than by mass transfer in the tested current density range (50–200 mA/cm2) [25, 31].
3.3 Effect of initial caffeine concentration on caffeine degradation

Three different initial caffeine concentrations (25, 50
and 75 mg/L) were tested to examine the effect of initial
concentration on caffeine degradation in 0.1 M Na2SO4 at
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FIGURE 4 - Effect of current density on caffeine degradation at BDD anode (caffeine = 50 mg/L); inset: Ln(Co/C) against time.
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FIGURE 5 - Effect of initial caffeine concentration on caffeine degradation on BDD (current density = 200 mA/cm2); inset: Ln(Co/C) against time.

200 mA/cm2 and 25°C. Fig. 5 shows that the degradation
efficiency of caffeine decreased with the increase of initial
caffeine concentration. When the initial caffeine concentration was 25 mg/L, the degradation efficiency of caffeine
was close to 100% at 30 min electrolysis. Furthermore, it took
60 and 90 min to achieve ~100% caffeine degradation when
the initial caffeine concentrations were 50 and 75 mg/L, respectively. (Note that the total amount of degraded caffeine
was greater when the initial caffeine concentration was
higher (associated with better mass transfer across the diffusion layer).) Therefore, the apparent rate constant of caffeine oxidation decreased (1.06×10-3–4.5×10-4 1/s) with
the increase of initial caffeine concentration (25–75 mg/L),
possibly due to the competition between caffeine and intermediates for their oxidation by ·OH. Hydroxyl radicals
have nonselective reactivity to caffeine and intermediates.
As a result, more hydroxyl radicals were consumed to oxidize the intermediates generated from parent compound
degradation when the initial caffeine concentration was
higher. An earlier study suggested that the unspecific oxidation of many compounds (especially major intermediates) with ·OH might lead to the side reactions and parallel
consumption of ·OH [25].

of anode potentials and the electrochemical behavior of the
tested electrodes. The anode potentials were 3.32, 4.31, and
3.44 V (vs Ag/AgCl) for Pt, PbO2, and BDD, respectively.
The electrochemical oxidation of organic pollutants may
be resulted from physically adsorbed active oxygen (·OH)
or chemisorbed active oxygen (oxygen in the oxide lattice,
MOx+1 (M: metal)); in general, ·OH is more effective than
O in MOx+1 for organic pollutant oxidation. A higher anodic potential may generate a greater electron trapping activity, favorable to the direct oxidation of organic pollutants on the anode surface [27] and the production of ·OH
from water electrolysis for ·OH-mediated reactions [28].
The more free or adsorbed ·OH produced on the BDD than
on the MOx+1 might cause electrophilic attack of caffeine
and its derivatives. It was reported that BDD anodes had
weak adsorption properties compared with PbO2 and Pt anodes, so hydroxyl radicals electrogenerated on BDD were
very weakly adsorbed and consequently more reactive toward organic oxidation reactions [25, 29]. Hence, the performance for caffeine degradation on the tested anodes was
in the order BDD > PbO2 > Pt. Some researchers also indicated that BDD electrodes were superior to Pt and PbO2
anodes for the electro-oxidation of organic pollutants (e.g.,
bisphenol A and O-Toluidine) [19, 30].

3.4 Effect of anode material on caffeine degradation

Fig. 6 presents the curves of C/Co against time for the
oxidation of 50 mg/L caffeine in 0.1 M Na2SO4 on three
different anodes (BDD, PbO2, and Pt) at 200 mA/cm2 and
25oC. After 60 min electrolysis, the degradation efficiency
of caffeine was near 100% on BDD and PbO2 whereas it
was only about 25% on Pt. The calculated kapp were 6.5×105
, 7.0×10-4, and 7.6×10-4 1/s at Pt, PbO2, and BDD electrodes, respectively. The result is related to the magnitude

3.5 Mineralization of caffeine

In this section, the performances of anode materials
for caffeine mineralization were compared at tested current densities. The TOC removal or mineralization of caffeine and intermediates increased with increasing electrolysis time or current density (50−200 mA/cm2) at 25°C
on BDD (Fig. 7a). At 150 min, the TOC removal efficiency (= [1 − (TOC/TOCo)]×100%; TOC: the residual
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concentration of TOC at a given electrolytic time and
TOCo: the initial concentration of TOC) reached ~100% at
200 mA/cm2, while the data were ~40% and ~50% at 50
and 100 mA/cm2, respectively. This result is attributed to
the increase of electrochemically generated ·OH (main oxidant) and S2O82- (mediated oxidant) with increasing current density [25, 31]. According to the comparison between
Figs. 4 and 7a, the TOC removal efficiency was lower than
the caffeine degradation efficiency at the same electrolysis
time and current density. This phenomenon is possibly associated with the degradation of intermediates which were
harder to be oxidized than their parent compound (caffeine).
Fig. 7b presents that the TOC removal on different anode materials followed the order BDD > PbO2 > Pt. After
150 min electrolysis, the complete TOC removal (mineralization of caffeine and intermediates) was achieved on
BDD electrode; however, the TOC removal efficiencies on
PbO2 was less than 40% and that on Pt was even lower
(15%) (caffeine degradation efficiencies = 100% and
52%, respectively (Fig. 6)). As aforementioned, the capacity of hydroxyl radical generation and the adsorption
affinity of ·OH on electrode surface were responsible for
the difference in caffeine mineralization on different electrodes.
Similar trends of mineralization current efficiency
(MCE) variation with time or specific electrical charge
were observed despite the difference in current density or
anode material (Fig. 8). The MCE increased at the early
stages (5−10 min or 8.33×10-4−1.67×10-3 Ah/L) of tested
conditions to attain maximum values of MCE, and then decreased with time. Sires et al. [32] and Murugananthan et
al. [30] also reported similar observations for the electromineralization of different organic pollutants. This phe-

nomenon is attributable to the initial formation of by-products (from caffeine molecule breaking reactions) which
were easily mineralized by hydroxyl radicals. On the other
hand, the decrease in MCE with time is associated with the
decrease of diffusion gradient of compounds of interest toward anode surface due to the decrease of their concentration. It is also possible that carboxylic acids (e.g., 2-(3formyl-1,3-dimethylureido)-2-oxoacetic acid) might be
formed in the electrolysis of caffeine in sodium sulfate solution [12]. These acids are known to be less electro-degradable than parent compounds and other intermediates
[30]. On BDD, the MCE decreased with the increase of
current density. At a higher current density, more hydroxyl
radicals were wasted for side reactions (e.g., O2 evolution)
to a higher extent [24] and consequently the loss in MCE.
In accordance with the result of Fig. 7b, the BDD anode
had the greatest maximum MCE (MCEmax) among the tested
anodes at 200 A/cm2. Nevertheless, on BDD, the highest
value of MCEmax was only ~11% at 50 A/cm2, and those of
the other tested conditions were all below 10%.
3.6 Effect of sample matrix on caffeine degradation

To explore the effect of sample matrix on the electrochemical oxidation of caffeine, the anodic degradation of
caffeine on BDD was also tested in the secondary effluent
of an MWTP (spiked with 50 mg/L caffeine and 0.1 M
Na2SO4). (The parameters of interest of MWTP secondary
effluent are given in Table 1.) The degradation efficiency
of caffeine in the MWTP secondary effluent was slightly
lower than that in 0.1 M Na2SO4 solution within 60 min
electrolysis (Fig. 9). The result is attributed to the fact that
the concentration of total organic carbon (TOC) was
greater in the MWTP effluent than in the prepared sodium
sulfate solution. The dissolved organics originally present
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FIGURE 6 - Effect of anode material on caffeine degradation (current density = 200 mA/cm2; caffeine = 50 mg/L); inset: Ln(Co/C) against time.
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TABLE1 - Characteristics of the municipal wastewater treatment plant secondary effluent (MWTPSE).

Parameter

TOC
mg/L

BOD
mg/L

COD
mg/L

PO43mg/L

DO
mg/L

DS
mg/L

Cond.
μs/cm

ORP
mV

pH

MWTPSE

87

8

15

0.53

6.3

463

613

240

7.60

50 mg/L caffeine in 0.1 M Na2SO4 solution
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FIGURE 9 - Effect of sample matrix on caffeine degradation (current density = 200 mA/cm2); inset: Ln(Co/C) against time.
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FIGURE 10 - Effect of sample matrix on TOC abatement (current density = 200 mA/cm2).
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in the effluent competed with caffeine for oxidation by hydroxyl radicals generated from water electrolysis. For the
anodic oxidation of caffeine at 200 mA/cm2 and 25°C, the
kapp were 7.6×10-4 and 6.9×10-4 1/s in the 0.1 M Na2SO4
solution and MWTP effluent, respectively (the inset in Fig.
9).
However, the TOC removal efficiency in the MWTP
effluent was higher than that in 0.1 M Na2SO4 solution
(Fig. 10). This phenomenon is associated with the difference in TOC level of the two different matrixes and is possibly related to the presence of organic compounds which
were easier to be degraded than caffeine in the MWTP effluent. After 150 min electrolysis, ~100% TOC removal
was accomplished in both of the two tested matrixes.
Hence, the influence of matrix on anodic caffeine degradation was more noticeable for TOC removal than for caffeine degradation.

[2]

Tang-Liu, D.D., Williams, R.L. and Riegelman, S. (1983) Disposition of caffeine and its metabolites in man. J. Pharmacol.
Exp. Ther., 224: 180−185.

[3]

Buerge, I.J., Poiger, T., Müller, M.D. and Buser, H-R. (2003)
Caffeine, an anthropogenic marker for waste-water contamination of surface waters. Environ. Sci. Technol., 37: 691–700.
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Kurissery, S., Kanavillil, N., Verenitch, S. and Mazumder A.
(2012) Caffeine as an anthropogenic marker of domestic
waste: a study from Lake Simcoe watershed. Ecol. Indic., 23:
501–508.

[5]

Ternes, T., Bonerz, M. and Schmidt, T. (2001) Determination
of neutral pharmaceuticals in wastewater and rivers by liquid
chromatography-electrospray tandem mass spectrometry. J.
Chromatogr. A, 938: 175−185.

[6]

Kolpin, D.W., Furlon, E.T., Meyer, M.T., Thurman, E.M.,
Zaugg, S.D., Barber, L.B. and Buxton H.T. (2002) Pharmaceuticals, hormones, and other organic wastewater contaminants in U.S. streams, 1999−2000: a national reconnaissance.
Environ. Sci. Technol., 36: 1202−1211.

[7]

Ghisele, G. (2006) Potable Water Quality in the Campinas Region: Occurrence and Determination of Endocrine Disruptors
(EDs) and Pharmaceuticals and Personal Care Products
(PPCPs). Doctoral Thesis. University of Campinas.
<http://biq.iqm.unicamp.br/arquivos/teses/vtls000398476.pdf> (accessed 16/08/2013).

[8]

Sodré, F.F., Locatelli, M.A.F. and Jardim, W.F. (2010) Occurrence of emerging contaminants in Brazilian drinking waters:
a sewage-to-tap issue. Water Air Soil Pollut., 206: 57−67.

[9]

Trovó, A.G., Silva, T.F.S., Gomes, O. Jr., Machado, A.E.H.,
Neto, W.B., Muller, P.S.Jr. and Daniel, D. (2013) Degradation
of caffeine by photo-Fenton process: Optimization of treatment conditions using experimental design. Chemosphere, 90:
170−175.

4. CONCLUSIONS
In this study, it was found that the electrochemical behavior of caffeine was irreversible on a BDD electrode.
Moreover, the degradation efficiency and apparent rate
constant of caffeine oxidation increased with increasing
current density (50−200 mA/cm2) but decreased with increasing initial concentration of caffeine (25−75 mg/L).
The performance of tested anodes for caffeine degradation
in terms of caffeine degradation efficiency and TOC abatement was in order BDD > PbO2 > Pt. When the BDD electrode was used, the MCEmax was the highest, no residual
caffeine was detected at 60 min, and the complete mineralization of caffeine was achieved after 150 min electrolysis.
The degradation of caffeine was a pseudo-first-order (kinetic) reaction, which yielded apparent rate constants of
7.6×10-4 and 6.9×10-4 1/s for the anodic caffeine oxidation
at 200 mA/cm2 and 25°C in 0.1 M Na2SO4 solution and
MWTP secondary effluent, respectively. Therefore, the
BDD anode is promising to be used for the mineralization
of caffeine in wastewater treatment.
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EVALUATION OF ANTIFUNGAL ACTIVITY
OF MONO AND DIPOTASSIUM PHOSPHATES
AGAINST PHYTOPATHOGENIC FUNGI
Umit Arslan
Uludag University, Faculty of Agriculture, Department of Plant Protection, Gorukle Campus, 16059 Bursa, Turkey

1. INTRODUCTION

ABSTRACT
Antifungal activity of monopotassium phosphate
(KH2PO4) and dipotassium phosphate (K2HPO4) was evaluated as possible alternatives to synthetic fungicides for the
control of 10 phytopathogenic fungi in this study. The percentage of mycelial growth inhibition ranged from 0 to
52.2% and 0 to 100% for KH2PO4 and K2HPO4, respectively. The percentage of inhibition in spore germination
and germ tube elongation ranged from 0 to 100% for both
compounds. K2HPO4 at 2% completely inhibited the mycelial growth of Sclerotinia sclerotiorum (Lib.) de Bary in
soil tests. In pot experiments conducted under controlled
conditions, pre-inoculation (protective) treatments of KH2PO4
and K2HPO4 in all the concentrations tested except 0.25%
were effective on the control of rust fungi (Puccinia triticina Eriks., and Uromyces appendiculatus (Pers.:Pers.)
Unger). In these tests, foliar applications of KH2PO4 at the
highest concentration (1%) tested provided 66.1-72.0%
and 70.3-80.2% disease control against P. triticina and U.
appendiculatus, respectively. At the same concentration,
foliar applications of K2HPO4 provided 64.0-70.8% and
67.1-73.6% disease control against P. triticina and U. appendiculatus, respectively. However, post-inoculation (curative) treatments of both potassium phosphate compounds
were ineffective on the control of P. triticina and U. appendiculatus. These data suggest that KH2PO4 and K2HPO4
have no post-inoculation activity against both rust fungi and
they should be used as a protective fungicide. The results of
this study showed that both potassium phosphate compounds tested could become natural alternatives to synthetic fungicides for control of phytopathogenic fungi.

KEYWORDS: Antifungal activity, phytopathogenic fungi, natural
substances, alternative control, organic farming

Plant diseases caused by fungi have a great impact in
crop losses worldwide. Many species of plant pathogenic
fungi cause serious damage on agricultural crops that result
in severe losses to crop yields [1]. More than 800 million
people in the developing countries do not have adequate
food supplies and at least 10% of food is lost due to plant
diseases [2].
Synthetic fungicides are widely used for control plant
diseases. The widespread use of fungicides has significant
drawbacks including increased cost, concern about fungicide residues on food, and potential threat to human health
and the environment [3]. Resistance development is also
becoming a significant problem within the populations of
the plant pathogens due to the application of these synthetic
fungicides [4]. In order to overcome the resistance problem, higher concentrations of fungicides were used. However, overdosing may increase the risk of toxic residues in
the food products. In recent years, public demand for reduce pesticide use, which has been stimulated by greater
awareness of environmental and health issues as well as the
development of fungicide resistant strains of pathogens, has
created the need to find alternatives to them [5, 6]. Potassium
phosphates may provide a reliable alternative to currently
used synthetic fungicides to control plant diseases.
Monopotassium phosphate (KH2PO4) and dipotassium
phosphate (K2HPO4) are salt compounds that are used as a
food additive. KH2PO4 and K2HPO4 have been approved
as “generally recognized as safe” (GRAS) for use in human
food by the U.S. Food and Drug Administration. Potassium
phosphates are used as fertilizer and the principal source of
phosphorus for plants in agriculture, but in some cases, when
used as a foliar spray, disease resistance of plants is improved. In this regards, many investigations reported the use
of potassium salts as a chemical agent for induction of plant
resistance [7, 8]. Mono and dipotassium phosphates, KH2PO4
and K2HPO4, have shown efficacy against powdery mildew
diseases on cucumber [9], pepper [10], and tomato [11]
(Sphaerotheca fuliginea (Schlechtend.:Fr.) Pollacci,
Leveillula taurica (Lev.) Arn., and Erysiphe oronti Carst.,
respectively), anthracnose (Colletotrichum lagenarium
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(Pass.) Ellis & Halst) on cucumber [12] and rice blast
(Pyricularia oryzae Cavara) on rice [13]. Salts are inexpensive, easily accepted by consumers, non-toxic, with minor environmental impact at the effective concentrations,
and usually used in the food industry [14].
The objective of this study was to evaluate the effectiveness of potassium phosphates for the control of phytopathogenic fungi in order to develop a successful strategy
using environmentally friendly substances compatible with
the organic production system.

2. MATERIALS AND METHODS
2.1 Fungi

The phytopathogenic fungi used in this study were:
Fusarium culmorum (W.G. Smith) Sacc., F. moniliforme
Sheldon, F. nivale (Fr.) Ces., F. oxysporum Sch., F. solani
(Mart.) Sacc., Macrophomina phaseolina (Tassi) Goid.,
Rhizoctonia solani Kuhn, Sclerotinia sclerotiorum (Lib.)
de Bary, Puccinia triticina Eriks., and Uromyces appendiculatus (Pers.:Pers.) Unger. Except for P. triticina and U.
appendiculatus, which are unable to grow on artificial media, the other fungi were routinely maintained on potato dextrose agar (PDA, Difco, Le Pont de Claix, France) slants and
stored at 5ºC. P. triticina and U. appendiculatus were maintained on the wheat and bean as host plants, respectively.
The cultures were obtained from the fungal collection of
Uludag University, Faculty of Agriculture, Department of
Plant Protection.
2.2 Efficacy of KH2PO4 and K2HPO4 on mycelial growth

The efficacy of KH2PO4 (Sigma Aldrich, Seelze, Germany) and K2HPO4 (Carlo Erba Reagenti, Rodano, Milan,
Italy) on mycelial growth of F. culmorum, F. moniliforme,
F. nivale, F. oxysporum, F. solani, M. phaseolina, Rhizoctonia solani and S. sclerotiorum was determined. The
desired quantities of KH2PO4 and K2HPO4 were added to
autoclaved and cooled PDA medium at 50ºC to obtain concentrations of 0.5, 1, 1.5, 2, 2.5 and 3.0% (w/v). KH2PO4
or K2HPO4 amended medium was dispensed (10 ml per
plate) aseptically into 6-cm-diameter Petri plates. A mycelial disc (5-mm-diameter) taken from 7-day-old culture of
the respective fungus was placed in the center of each
KH2PO4 or K2HPO4 amended PDA medium. The plates
were then sealed with Parafilm and incubated at 25ºC in
the dark. Mycelial growth was measured daily at two perpendicular colony diameters until the growth in the control
plates reached the edge of the plates. The plates without
KH2PO4 and K2HPO4 were used as control. Percentage inhibition reported is the ratio of mycelial growth compared
with that of the control.
Four replicates were used for each concentration of
KH2PO4 and K2HPO4 and each replicate comprised one Petri dish. Analysis of variance was performed, and mean values were separated by LSD test (P≤0.05). Experiments
were conducted twice.

2.3 Efficacy of KH2PO4 and K2HPO4 on spore germination and
germ tube elongation

The efficacy of KH2PO4 and K2HPO4 on spore germination and germ tube elongation of F. culmorum, F. nivale,
F. solani, P. triticina and U. appendiculatus was determined. Different concentrations (0.5, 1, 1.5, 2, 2.5 and
3.0%, w/v) of KH2PO4 and K2HPO4 were added aseptically
to autoclaved and cooled (to 50oC) PDA medium, followed
by the addition of 100 µg/ml streptomycin sulfate (Fluka,
BioChemika, China). KH2PO4 or K2HPO4 amended medium was dispensed (10 ml per plate) aseptically into 6-cmdiameter Petri plates. Spores were harvested from 1-weekold PDA cultures of Fusarium spp. grown at 25oC. Ten milliliters of sterile water, containing 0.01% Tween-20, was
added to Petri dish cultures of Fusarium spp., the spores
were gently dislodged from the surface with a bacteriological loop, and suspensions were filtered through three layers of sterile cheesecloth to remove mycelial fragments.
Fresh urediniospores of P. triticina and U. appendiculatus
were obtained from pustules on infected leaves of potted
wheat and bean plants in a climate-controlled room (see pot
experiments for details). The spore concentrations of
Fusarium spp., P. triticina and U. appendiculatus were determined with a hemocytometer.
The efficacy of KH2PO4 and K2HPO4 on spore germination and germ tube elongation of Fusarium spp., P. triticina and U. appendiculatus was tested by placing 100 µl
aliquots of spore suspension (104 spores/ml) of each pathogen in the Petri dishes containing PDA medium with appropriate KH2PO4 and K2HPO4 concentrations. Control
treatments consisted of PDA medium containing 100 µg/ml
streptomycin sulfate. Petri dishes were incubated at 20-25oC
for 6-12 h in darkness and then spore germination percentages were determined in ten microscopic fields. A total of
100 spores per replicate were observed. Spores were considered germinated when germ tube length was equal to or
greater than spore length. The percentage inhibition of spore
germination was calculated as compared to the control.
Four replicates were used for each concentration of
KH2PO4 and K2HPO4 and each replicate comprised one Petri dish. Analysis of variance was performed, and mean values were separated by LSD test (P≤0.05). Experiments
were conducted twice.
2.4 Soil tests with soil-borne fungi

Cornmeal-sand medium was used in soil tests to evaluate the efficacy of K2HPO4. The medium was prepared as
described by Ocamb et al. [15] with a slight modification
to favour the growth of fungi [16]. The ratio of cornmeal
to sand was 1 to 8 and 45 g of medium was placed in glass
7-cm-diameter Petri plates. The Petri plates including medium were sterilized in a laboratory oven at 130°C for 5 h.
Three mycelial discs (5-mm-diameter) taken from 7-dayold culture of the respective fungus in PDA medium were
placed in 0.5 cm depth of cornmeal-sand medium. The
discs were placed in the center of the plates as forming a
triangle and the distance between fungal discs was 1 cm.
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The desired concentrations of K2HPO4 (0.5, 1, 1.5, 2, 2.5
and 3%, w/v) were prepared as described above and 12 ml
from each solution was added to cornmeal-sand medium
homogeneously. Control plates received 12 ml of sterile
distilled water. The plates were sealed with Parafilm and
incubated at 25°C in the dark. Mycelial growth area of
fungi was measured after removal of the lids of Petri plates
by placing a transparent acetate paper that has squares on
it with an area of 1 cm2 and 1 mm2 each. Mycelial growth
was measured daily at two perpendicular colony diameters
until the growth in the control plates reached the edge of
the plates. Percentage inhibition reported is the ratio of mycelial growth compared with that of the control.
Five replicates were used for each concentration of
K2HPO4 and each replicate comprised one Petri dish. Analysis of variance was performed, and mean values were separated by LSD test (P≤0.05). Experiments were conducted
twice.

maximize the relative humidity so as to facilitate infection.
Covered plants were kept at 19 ± 1oC for 24 h in darkness,
and then kept at 22 ± 1oC for 10 days without the polyethylene bags. The light intensity inside the climate room was
10.000 lux (167 µE/m2/s) with a 12 h supplemental photoperiod. The efficacy of KH2PO4 and K2HPO4 was assessed
10 days after the inoculation. The number of pustules on
primary leaves of wheat and bean was recorded. The length
of assessed wheat leaves was 10 cm. The number of pustules on bean leaves was recorded in a randomly selected
area 10 cm2 in size [17]. Data were converted to the control
percentage as compared to controls.
Three replicates were used for each concentration of
KH2PO4 and K2HPO4 and each replicate comprised three
pots. Analysis of variance was performed, and mean values
were separated by LSD test (P≤0.05). Experiments were
conducted twice.

2.5 Pot experiments

3. RESULTS AND DISCUSSION

2.5.1 Efficacy of timing of KH2PO4 and K2HPO4 applications
against Puccinia triticina and Uromyces appendiculatus

The efficacy of pre-and post-inoculation applications
of KH2PO4 and K2HPO4 was tested under controlled conditions in a climate-controlled room as described below.
Ten wheat Triticum aestivum L. cv. Gonen-98) plants and
two bean (Phaseolus vulgaris L. cv. Gina) plants were
grown in pots that were 10 cm diameter. Gonen-98 and
Gina were highly susceptible to P. triticina and U. appendiculatus, respectively [17, 18].
Pre-inoculation (protective) treatments were applied 2
or 24 h before the pathogen inoculation, while post-inoculation (curative) treatments were applied 24 h after the
pathogen inoculation. The treatments were applied to 10and 12-day-old wheat and bean plants, respectively, with a
hand sprayer. The plants were inoculated with 105 and 2 x
104 urediniospores/ml suspensions of P. triticina and U.
appendiculatus, respectively. The spore suspensions included 0.01% Tween 20 was sprayed with a hand sprayer.
Inoculated plants were covered with polyethylene bags to

Efficacy of potassium phosphates on mycelial growth
of phytopathogenic fungi is presented in Table 1. The percentage inhibition of mycelial growth of the fungi varied
with the type of phosphate compound, concentration, and
the type of fungus. The percentage of mycelial growth inhibition ranged from 0 to 52.2% and 0 to 100% for KH2PO4
and K2HPO4, respectively. KH2PO4 at 3% caused the highest inhibition (52.2%) of mycelial growth of R. solani. On
the other hand, K2HPO4 at 1.5% showed the highest inhibition (100%) of mycelial growth of S. sclerotiorum (Table 1).
In this study, in most instances, the K2HPO4 induced significantly higher mycelial growth inhibition than the KH2PO4.
Among the fungi tested, the most resistant fungi were F.
moniliforme and F. oxysporum against both potassium phosphate compounds (Table 1).
Abdel-Kader et al. [19] studied the in vitro inhibitory effect of K2HPO4 against the mycelial growth of various soil
borne pathogenic fungi, Alternaria solani Sorauer, F. solani,
F. oxysporum, R. solani, S. rolfsii Sacc., and Pythium sp.

TABLE 1 - Efficacy of potassium phosphates on mycelial growth of phytopathogenic fungi.

Inhibition over control (%)
Concentration (%, Fusarium cul- Fusarium mo- Fusarium Fusarium ox- Fusarium Macrophomina
w/v)
morum
niliforme
nivale
ysporum
solani
phaseolina
KH2PO4
0.5
0.0 g*
0.0
0.0 h
0.0
0.0 f
0.0 h
1
0.0 g
0.0
0.0 h
0.0
0.0 f
0.0 h
1.5
6.7 f
0.0
13.3 g
0.0
8.5 e
17.2 g
2
7.2 f
0.0
16.7 f
0.0
9.5 e
17.8 g
2.5
10.0 e
0.0
18.9 e
0.0
12.2 d
23.3 f
3
16.7 c
0.0
33.3 a
0.0
22.2 a
25.0 e
K2HPO4
0.5
0.0 g
0.0
0.0 h
0.0
0.0 f
53.3 d
1
0.0 g
0.0
0.0 h
0.0
0.0 f
53.3 d
1.5
13.9 d
0.0
19.4 e
0.0
11.6 d
69.4 c
2
16.7 c
0.0
22.2 d
0.0
14.3 c
82.2 b
2.5
18.3 b
0.0
26.1 c
0.0
17.4 b
84.4 a
3
20.6 a
0.0
29.4 b
0.0
20.6 a
85.0 a
*Means within columns by unlike letters differ significantly according to LSD test (P≤0.05).
Treatment
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Rhizoctonia
solani
0.0 h
0.0 h
10.4 g
11.9 f
19.4 e
52.2 b
0.0 h
0.0 h
34.3 d
35.8 c
51.7 b
62.7 a

Sclerotinia
sclerotiorum
0.0 d
0.0 d
0.0 d
0.0 d
0.0 d
0.0 d
39.4 c
84.8 b
100 a
100 a
100 a
100 a
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TABLE 2 - Efficacy of potassium phosphates on spore germination and germ tube elongation of phytopathogenic fungi.
Treatment

Concentration
(%, w/v)

Inhibition over control (%)
Fusarium culmorum
Fusarium nivale
Fusarium solani
Puccinia triticina
Uromyces appendiculatus
Spore germi- Germ tube Spore germi- Germ tube Spore germi- Germ tube
Spore
Germ tube Spore germi- Germ tube
nation
elongation
nation
elongation
nation
elongation germination elongation
nation
elongation
KH2PO4
0.5
0.0 d*
0.0 c
0.0
0.0 e
0.0 c
0.0 e
0.0 f
1.0 h
87.2 b
78.9 b
1
0.0 d
0.0 c
0.0
0.0 e
0.0 c
0.0 e
0.0 f
1.6 h
100 a
100 a
1.5
6.2 c
0.0 c
0.0
0.0 e
0.0 c
0.0 e
7.9 e
20.7 g
100 a
100 a
2
8.6 c
12.2 b
0.0
6.6 d
0.0 c
30.5 d
13.5 d
54.0 f
100 a
100 a
2.5
10.4 b
22.9 a
0.0
28.9 b
0.0 c
36.2 c
17.3 cd
65.9 e
100 a
100 a
3
18.0 a
25.4 a
0.0
34.2 a
6.0 b
37.9 c
19.7 c
70.5 d
100 a
100 a
0.5
0.0 d
0.0 c
0.0
0.0 e
0.0 c
0.0 e
0.0 f
75.7 c
4.9 e
25.5 d
K2HPO4
1
0.0 d
0.0 c
0.0
0.0 e
0.0 c
0.0 e
34.6 b
88.5 b
24.8 d
54.2 c
1.5
0.0 d
0.0 c
0.0
0.0 e
0.0 c
0.0 e
100 a
100 a
68.6 c
78.5 b
2
0.0 d
0.0 c
0.0
0.0 e
0.0 c
0.0 e
100 a
100 a
100 a
100 a
2.5
6.5 c
0.0 c
0.0
0.0 e
6.3 b
57.3 b
100 a
100 a
100 a
100 a
3
13.1 b
27.9 a
0.0
21.1 c
12.0 a
65.2 a
100 a
100 a
100 a
100 a
*Means within columns by unlike letters differ significantly according to LSD test (P≤0.05).

They found that K2HPO4 showed an increasing inhibitory effect on the tested fungi in response to increase in its
concentration. In addition, K2HPO4 at 1% drastically reduced the mycelial growth, which ranged between 50-64.4%
of all tested fungi. Complete inhibition of the mycelial
growth of all tested fungi was observed when K2HPO4 was
added to the growth medium (PDA) at a concentration of
4%. Blanchinski et al. [20] found that KH2PO4 had an inhibitory effect on the mycelial growth of A. solani and A.
macrospora Zimm., and spore germination of A. solani.
The phosphate and potassium salts may have direct antifungal properties as microscopic observations showed a direct effect of phosphates on the collapsing and malformation of conidia and mycelia on S. fuliginae in cucumbers
[21, 22] and on L. taurica in peppers [10].
Efficacy of potassium phosphates on spore germination and germ tube elongation of phytopathogenic fungi is
presented in Table 2. The percentage of inhibition in spore
germination and germ tube ranged from 0 to 100% for both
compounds. KH2PO4 and K2HPO4 inhibited the spore germination and germ tube elongation of rust fungi (U. appendiculatus and P. triticina) more effectively than that of
Fusarium spp. KH2PO4 at 1% and K2HPO4 at 1.5% completely inhibited spore germination and germ tube elongation of U. appendiculatus and P. triticina, respectively.
Both potassium compounds were ineffective in inhibiting
spore germination of F. nivale (Table 2).
In this study, the difference between the in vitro and in
vivo efficacy shows that phosphate compound-host tissue
interactions may involve biochemical reactions, such as a
host defense mechanism, contributing to the control of rust
fungi. In addition, the interaction between phosphate compounds and agar medium may play an important role.
In in vitro tests in Table 1, K2HPO4 showed the best
overall performance against S. sclerotiorum and M.
phaseolina, therefore, it was selected for further testing in
soil tests. Efficacy of K2HPO4 on mycelial growth of M.
phaseolina and S. sclerotiorum in soil tests is presented
in Table 3. K2HPO4 at 2% completely inhibited the mycelial growth of S. sclerotiorum in soil tests. Experimental
soil test results on the potential of K2HPO4 to control fungal infections of crops under controlled conditions contri-

bute to the assessment of the potential application of the
K2HPO4 under field conditions in sustainable agriculture.
TABLE 3 - Efficacy of K2HPO4 on mycelial growth of Macrophomina
phaseolina and Sclerotinia sclerotiorum in soil tests.

Concentration
(%, w/v)

Inhibition over control (%)
Macrophomina
Sclerotinia sclerotiphaseolina
orum
0.5
0.0 c*
0.0 d
1
0.0 c
40 c
1.5
15 b
65 b
2
28.5 a
100 a
2.5
29.3 a
100 a
3
35.7 a
100 a
*Means within columns by unlike letters differ significantly according to
LSD test (P≤0.05).

To evaluate the protective activity of KH2PO4 and
K2HPO4, foliar sprays were carried out 2, and 24 h before
the pathogen inoculation. Efficacy of foliar sprays of potassium phosphates on the pustules caused by P. triticina
and U. appendiculatus in pot experiments is presented in
Table 4. In pot experiments conducted under controlled
conditions, pre-inoculation (protective) treatments of KH2PO4
and K2HPO4 in all the concentrations tested except 0.25%
were effective on the control of rust fungi (P. triticina and
U. appendiculatus). Foliar applications of KH2PO4 at the
highest concentration (1%) tested provided 66.1-72.0%
and 70.3-80.2% disease control against P. triticina and U.
appendiculatus, respectively. At the same concentration,
foliar applications of K2HPO4 provided 64.0-70.8% and
67.1-73.6% disease control against P. triticina and U. appendiculatus, respectively (Table 4).
To evaluate the curative activity of KH2PO4 and
K2HPO4, foliar sprays were carried out 24 h after the pathogen inoculation. However, post-inoculation (curative) treatments of both potassium phosphate compounds were ineffective on the control of P. triticina and U. appendiculatus
(Table 4). These data suggest that KH2PO4 and K2HPO4
have no post-inoculation activity against both rust fungi and
they should be used as a protective fungicide. The present
study is the first report where the efficacy of foliar sprays of
KH2PO4 and K2HPO4 against P. triticina and U. appendiculatus was evaluated.
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TABLE 4 - Efficacy of foliar sprays of potassium phosphates on the pustules caused by Puccinia triticina and Uromyces appendiculatus in pot
experiments.

Treatment

Concentration
(%, w/v)

Control efficacy (%)
Puccinia triticina
Uromyces appendiculatus
Protective treatment
Curative treatment
Protective treatment
Curative treatment
Hours before
Hour after
Hours before
Hour after
inoculation
inoculation
inoculation
inoculation
2
24
24
2
24
24
KH2PO4
0.25
0.0 d*
0.0 d
0.0
0.0 e
0.0 d
0.0
0.5
39.3 c
37.8 c
0.0
47.1 d
45.9 bc
0.0
0.75
59.9 b
59.7 ab
0.0
61.7 bc
58.2 ab
0.0
1
72.0 a
66.1 a
0.0
80.2 a
70.3 a
0.0
K2HPO4
0.25
0.0 d
0.0 d
0.0
0.0 e
0.0 d
0.0
0.5
38.0 c
37.2 c
0.0
40.3 d
36.1 c
0.0
0.75
50.1 b
49.1 bc
0.0
53.0 cd
48.1 bc
0.0
1
70.8 a
64.0 a
0.0
73.6 ab
67.1 a
0.0
*Means within columns by unlike letters differ significantly according to LSD test (P≤0.05).

Literature data concerning assessments of the effectiveness of KH2PO4 and K2HPO4 in the protection of plants
against the pathogens, which are the causal agents of rust,
are very limited [23]. The studies conducted so far have
concentrated mainly on the possibility of using these potassium phosphates for the control of powdery mildew occurring on various species of plants [9-11, 24-28].
Reuveni et al. [24] reported that foliar applications of
three phosphate salts (K2HPO4, KH2PO4 or NH4H2PO4 at
1.74, 1.36 or 1.15% concentrations, respectively) on the
upper surface of the first true leaf of cucumber before inoculation with S. fuliginea, reduced the severity of powdery mildew on leaves 2-5 by a maximum of 94% over the
untreated. Collina [25] reported that KH2PO4 reduced the
percentage area of leaves infected by S. fuliginea compared
with that of untreated plants. Pasini et al. [26] found that
weekly sprays of KH2PO4 provided good control against
Sphaerotheca pannosa (Wallr. ex Fr.) Lev. var. rosae
Wor., on roses. Reuveni et al. [10] showed that the foliar
spray of 1% solution of KH2PO4 on the upper surfaces of
lower leaves of greenhouse-grown peppers induced local
and systemic control of L. taurica. Based on their results,
the authors suggested that KH2PO4 may be applied as an
alternative treatment for the control of powdery mildew in
pepper. Mosa [27] determined the efficacy of KH2PO4 or
K2HPO4 as pre- or post-inoculation foliar sprays in controlling powdery mildew caused by Erysiphe betae (Vanha)
Weltzien in sugar beet. All treatments reduced incidence of
powdery mildew compared to the control.
Perrenoud [29] proposed one or more of the following
mechanisms to explain the disease-suppressing effect of
potassium: (a) direct effects on pathogen multiplication,
development and survival, (b) direct effects on plant metabolism and, consequently, on pathogen food supply and
(c) influence of plant defense responses and stomata function, which affect the establishment and spread of the pathogen inside the plant.
Phosphates manifest antifungal activity by induction
of systemic acquired resistance (SAR) [30, 31]. It has been

suggested [32] that phosphates might induce systemic resistance by sequestration of calcium within the target organism, thereby affecting membranes and disrupting cell
compartmentation, and causing the release or synthesis of
hydrolytic enzymes. According to this hypothesis, the action of hydrolytic enzymes in the cell walls would release
pectic cell-wall fragments, thus triggering the production
of an ‘alarm signal’. The role of potassium in stress signaling is becoming an important topic [33] that needs to be
addressed increasingly in future research by molecular biologists, plant physiologists and agronomists [34]. The
stress mitigating role of potassium is another role in plants,
particularly under drought, salinity, and upon pathogenic
infection [33, 35].
Plant defense responses are a result of a complex network of signaling events that involves the interplay of kinases, hormones, and reactive oxygen species (ROS), leading to reprogramming of the plant transcriptome and the
production of defensive compounds to affect resistance
[33, 36-38]. ROS play a major role in plant defense against
various pathogens. Superoxide anion, hydrogen peroxide,
and hydroxyl radical are the three major forms of ROS.
These molecules are highly reactive and toxic and can lead
to the oxidative destruction of cells. The rapid accumulation of plant ROS at the pathogen attack site, a phenomenon called oxidative burst, is toxic to pathogens directly
and can lead to a hypersensitive response (HR) that results
in a zone of host cell death, which prevents further spread
of biotrophic pathogens [39]. In addition to the described
direct effects, ROS can also serve as signals that lead to the
activation of other defense mechanisms [40]. Peroxidases
and nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases are the two main enzyme systems found to be responsible for ROS accumulation in the response to pathogen
infection and this reaction could be the result of either one
or both of the types of enzyme activity [41].
The rapid absorption of phosphates by the plant tissues
and their extreme mobility within the tissues, as well as
their low cost, low animal toxicity, comparative environmental safety and their nutrient value make them ideal fo-
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liar fertilizers. A combined program of phosphates plus
timely application of conventional fungicides may reduce
the development of fungicide-resistant races of the pathogen in the field [28]. Pre-harvest applications of salts are
easy to achieve since they can be made using the same
equipment used for conventional chemical applications.
Other advantages of salts are their low cost and lack of legislative restrictions to their utilization [14].

[8]

Yurina, T. P., Karavaev, V. A. and Solntsev, M. K. (1993)
Characteristics of metabolism in two cucumber cultivars with
different resistance to powdery mildew. Russ. Plant Physiol.
40: 197-202.

[9]

Reuveni, R., Dor, G., Raviv, M., Reuveni, M. and Tuzun, S.
(2000) Systemic resistance against Sphaerotheca fuliginea in
cucumber plants exposed to phosphate in hydroponics system,
and its control by foliar spray of mono potassium phosphate.
Crop Prot. 19: 355-361.

[10] Reuveni, R., Dor, G. and Reuveni, M. (1998) Local and systemic control of powdery mildew (Leveillula taurica) on pepper plants by foliar spray of mono-potassium phosphate. Crop
Prot. 17: 703-709.

4. CONCLUSIONS
The findings in this study indicated that the use of
mono and dipotassium phosphates could be a valid treatment for alternative control of phytopathogenic fungi. Both
phosphate compounds could potentially be used alone in
organic growing or in rotation with synthetic fungicides in
as part of an integrated pest management (IPM) program in
the conventional agriculture. However, this is only a preliminary study regarding the efficacy of potassium phosphates on phytopathogenic fungi. The efficacy of these
compounds should be investigated in natural environmental conditions and on different host-pathogen interactions
before their use is recommended. The findings of the present investigation will provide a non-toxic and environmentally safe option for alternative control of phytopathogenic fungi.
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Frey, B. (2002) Foliar applications of fertilizer salts inhibit
powdery mildew on tomato. Can. J. Plant Pathol. 24: 437-444.
[12] Orober, M., Siegrist, J. and Buchenauer, H. (2002) Mechanisms of phosphate-induced disease resistance in cucumber.
Eur. J. Plant Pathol. 108: 345-353.
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[14] Nigro, F., Schena, L., Ligorio, A., Pentimone, I., Ippolito, A.
and Salerno, M. G. (2006) Control of table grape storage rots
by pre-harvest applications of salts. Postharvest Biol. Technol.
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ABSTRACT
Mango (Mangiferaindica L.) and wax apple (Syzygiumsamarangense Merrill and Perry) are two of the main
fruit crops in tropical Asia region and their orchard ecosystems may have a great potential for carbon (C) emission or
sequestration. In this study, we present results on C fluxes
in the ecosystems of these two typical tropical orchards.Trials were carried out in Sanya at the southern extremity of Hainan Island, China, on mango and wax apple
orchards at different ages, plant densities and management
strategies (pruning material return or organic fertilizer application). The total net primary productivity (NPP) of different orchard systems ranged from 6.62 to 9.73 t DM ha-1
y-1, while soil respiration ranged between 2.46 and 4.14 g
CO2m-2 d-1. The sparse and intensive mango systems (MS
and MI, 444 and 1000 trees ha-1, respectively) were weak
C sources, with the net C emission of 0.72 and 0.64 t C ha1 -1
y , respectively.A C return of 1.21 t C ha-1 y-1 from
pruned residues led the intensive mango orchard system
become a net C sink (0.54 t C ha-1 y-1). The C sequestration
in wax apple orchards were higher than that of mango orchards, mainly due to a C supply of 3.64 t C ha-1 y-1 from
organic fertilizer. C sequestration by wax apple orchard
was higher in the young (WY, 2-4 years old, 2.29 t C ha-1
y-1) than in the mature system (WM, 6-8 years old, 0.99 t
C ha-1 y-1), as a result of higher C fixation in above-ground
permanent structures, more C return from floor vegetation
and less C emission from soil respiration.
KEYWORDS: Carbon sequestration, tropical ecosystem, mango
orchard, wax apple orchard, soil respiration

1. INTRODUCTION
Anthropogenic factors, such as the combustion of fossil
fuels, deforestation, urbanization and modern agricultural
practices are responsible for the increase in atmospheric
* Corresponding author

carbon dioxide (CO2) [1]. Increasing C sequestration has
been considered as the main approach to reduce the effects
of CO2 on global climate changes. Agricultural practices
can play an important role in atmospheric CO2 emission
and fixation.Available researches are mostly concentrated
in C fixation by plant in forest [2] and by soil in agricultural
ecosystems [3].As a special economic forest type, orchard
ecosystems play an important role in CO2 fixation [4, 5].A
large number of annual crops can immobilize more CO2
than perennial crops [6], but their biomass is decomposed
relatively fast to return fixed CO2 to the atmosphere in a
relatively short period of time. However, fruit trees as perennial crops can storage C for a longer duration with slight
annual changes.
C cycle in orchards is complex due to the effects of
geographical and climatic conditions and management
practices. Very limited studies have reported about the C
sequestration in orchard ecosystems, most of which are focused on temperate orchards, such as apple [7], apricot [8],
peach [9], while little information is available on C sequestration in tropical orchard ecosystems. Tropical Asia, including Thailand, the Philippines, Indonesia, Vietnam, and
Hainan and Yunnan from China, is the most important tropical fruit-producing region in the world. Among varioustropical orchards, mango (Mangiferaindica L.) and wax apple
(Syzygiumsamarangense Merrill and Perry) orchards occupy
large acreages, thus playing an important role in agricultural
economy and landscape ecology of tropical areas.Evergreen
tropical fruit trees may create a favourable C sequestration
potential, due to their year-round activity, vigorous growth
and slow leaf turnover. Whereas, there is no data on the C
balance of tropical orchards or simple plant measurements
of net photosynthesis or dry matter partitioning in trees
with which to support this hypothesis.
Wide ranges of C net ecosystem productivity in terms
of C fixation in orchard systems may come from different
strategies of orchard management. It is likely that composting, as well as utilization of prunings, may significantly increase the C budget of orchard systems, without penalizing
their fruiting performances. In order to understand C fluxes
and sequestration potential in tropical orchards, an experi-
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ment was undertaken on mango and wax apple orchards at
different ages, plant densities and management strategies.
The purpose of this study was to answer (1) whether the
tropical mango and wax apple orchard ecosystems were
potential C sinks, and (2) how the plant ages, densities and
management strategies (pruning material return or organic
fertilizer application) influenced the C sequestration capability of the tropical orchards.

1
fertilizer was applied in total, containing 23.7% C, 1.85%
N, 0.83% P and 1.21% K) was applied once in February
and August every year, respectively. Wax apple trees flowered in February and October, ripened and harvested in
May and January of the following year, and pruned in July.
Other management measures were conducted in accordance with local cultivation practices.

2.4 Measurements of net primary productivity (NPP) and C fixation

2. MATERIAL AND METHODS
2.1 Overview of study area

The study was carried outin Sanya at the southern extremity of Hainan Island, China, under environmental conditions of tropical marine monsoon climate, with annual
mean sunshine duration of 2534 h and annual mean rainfall
of 1348 mm. The monthly mean maximum temperature is
28.7°C in June, and the monthly mean minimum temperature is 21.4°C in January. The soil type mainly belongs to
Laterite that is developed by different soil parent materials
with an average depth of over100 cm. Leptochloachinensis, Elensineindica,Digitariasanguinalis andYnodondactylon L. are the main weeds in orchards.
2.2 Mango orchards

The experiment in mango orchard ecosystems was
conducted in a state-owned Nantian Farm in the east part
of Sanya (18°24'40" N, 109°45'47" E), which was divided
into several parts with different varieties, planting ages and
densities, covering an area of approximately 1000 ha. The
7-year-old mango "Tainung No.1" was selected as the experimental material, with three treatments designed as follows: sparse planting (MS), with 444 trees ha-1 (4.5 m × 5 m);
intensive planting (MI), with 1000 trees ha-1 (2.5 m × 4 m);
intensive planting with the pruning material return (MIP),
in which the pruned residues were dried, crushed and
evenly spread in the experimental area.
Trialswere carried out in20 m × 20 m plots with triplicates. During the experimental period (June 2011 to May
2013), chemical fertilizers (N 0.5 kgtree-1, P 0.6 kgtree-1, K
0.3 kgtree-1) were applied in June every year. Mango trees
flowered in July, ripened and harvested in November, and
pruned in December. Other management measures were
conducted in accordance with local cultivation practices.

In each plot, four standard trees were identifiedbefore
trialing, and half of them were excavated and destructively
sampled at the initial and final stages (two years later).
Each of their components (roots, above-ground permanent
structures and leaves) was weighted (fresh and dry weight)
and measured. NPP value was expressed as annual increment of the dry matter (DM) in a component. The NPP of
fruits and pruning material were represented using the DM
weight of annual yield.
During the experimental period, two trees were selected to collect litterfall using nylon nets under the canopy
in each plot. The organic material on nylon nets were collectedevery two months, measured and the weight of DM
was taken as NPP of litterfall. The floor vegetation was cut
and left on the ground every four months and the DM weight
(NPP) was measured in duplicated square blocks (1 m × 1 m)
of each plot.
The amount of C sequestration (t C ha-1 y-1) in components of orchard ecosystems was calculated by multiplying
their NPP (t DM ha-1 y-1) and C concentration (%) in biomass, which was determined using the dry sub-samples
(dried to constant weight at 65°C in a forced-oven chamber) by an elemental analyzer (Vario EL III, Germany).
2.5 Measurements of soil respiration

During the entire experimental period, soil respiration
was measured half a month, from 2:00 to 5:00 for minimum respiration and from 12:00 to 15:00 for maximum
respiration, using a Li-8100 Soil CO2 Flux Measurement
System (LiCor, Lincoln, NE, USA). Triplicate LiCor soil
collars were installed in each plot. The collars remained in
place throughout the experimental period, allowing repeated measurements. Measurements were not made on
days of rain. Soil temperature and moisture (5 cmdepth)
were measured along with each flux measurement.

2.3 Wax apple orchards

2.6 Decomposition of organic materials

C sequestration experiment in wax apple orchard ecosystems was conducted in the 20-ha plantation of Nanlu
Industrial Co., Ltd. in the west part of Sanya (18°22'34"N,
109°2'49"E), which was planted with organic wax apple
"Heijingang". Young fruit trees (WY, 2-year-old) and mature fruit trees (WM, 7-year-old) both planted at 307 trees
ha-1 (5 m × 6.5 m), being selected for field trials since August 2011.
The size and duplication of the plots were same as that
for the mango orchards. Organic fertilizer (50 kg tree-1y-

Decomposition experiment was carried out in orchards
in order to assess the course of C loss from the organic materials returned or supplied into the soil. Decomposition of
litterfall, floor vegetation and pruning material from
mango orchards was performed in MIP plots, while that of
litterfall and floor vegetation from wax apple orchards and
the organic fertilizer was done in WM plots.
At the beginning of August 2011, 10 g of dry organic
material (dried at 65°C) collected from the orchards was
put into a nylon bag with a mesh size of 1 mm. Twelve bags
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of each kind of organic material were randomly placed on
the surface of the orchard soil after removing the litter layer.
Three bags were collected from each orchard to calculate
weight loss and C content of material every six months.

permanent structures and roots. However, the amount of C
fixation accumulated as permanent structures in young
fruit trees (WY) was higher if compared to the values found
in mature plants.

2.7 Statistics

3.2 The NPP of floor vegetation and litterfall

The data collected were analyzed statistically using
SPSS 17.0 software. One-way analysis of variance
(ANOVA) and Duncan’s multiple range test were used to
compare the means of the treatments, variability in the data
was expressed as the S.E.M., and a P<0.05 was considered
to be statistically significant.

The highest NPP of floor vegetation was occurred in
WY orchard (1.43 t DM ha-1 y-1), which was significantly
higher than that in WM orchard (0.88 t DM ha-1 y-1). In
three mango orchards, NPP of floor vegetation in MI (0.85 t
DM ha-1 y-1) was lower than that in MS (1.22 t DM ha-1 y-1)
and MIP (1.25 t DM ha-1 y-1) orchards. In contrast, WY orchard occupied the lowest NPP of litterfall (0.31 DM t ha-1
y-1), only about half of that in WM orchard. Higher litterfall
NPP were produced in all mango orchards, in which the
NPP of MI system (1.00 t DM ha-1 y-1) was the highest.

3. RESULTS
3.1 The NPP of fruit trees and its partitioning among the components

NPP (t DM ha-1 y-1)

0,5

NPP (t DM ha-1 y-1)

c

a
c

d
c

0,9

a
b

0,6
a

MS

MI

MIP

WY

WM

FIGURE 2 – The NPP of floor vegetation and litterfall in various fruit
orchards. Each column represents the mean (±S.E.M.) of six measurements in the experimental plots. Different letters represent significant differences at P<0.05 according to Duncan’s multiple range tests
using SPSS 17.0. MS, MI and MIP, treatments of sparse planting, intensive planting and intensive planting with pruning material utilization of mango orchards, respectively; WY and WM, treatments of
young and mature wax apple orchards, respectively.
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The annual biomass increments (NPP) of living organs
of fruit trees were measured. The increments of an individual tree were converted into the increments per unit land
area through multiplying tree density (Figure 1). During
the experimental period, the NPP of three mango orchards
(MS, MI and MIP) were 6.11, 7.15 and 7.59 t DM ha-1 y-1,
respectively. So, while the plant density was 125% higher
in MI than in MS orchard, NPP for MI trees was only improved by 17%, indicating that biomass and C fixation of
mango trees increased non-linearly with the increasing
plantation density. The NPP of trees in MIP orchard was
promoted slightly (6%), owing to the return of pruning material. There were 4.87 and 6.26 t DM ha-1 y-1 of NPP for
the wax apple trees in WY and WM orchards, respectively,
suggesting that C fixation capability of young trees was
significantly lower than that of mature trees. Moreover, the
NPP of fruit trees in mature orchards (MS, MI, MIP and
WM) were predominantly distributed into the temporary
structures such as fruits, leaves and pruning material, leaving a small proportion of NPP occupied in above-ground
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FIGURE 1 – The NPP partitioning among components of mango and wax apple trees. Each column represents the mean (±S.E.M.) of six
measurements from plants selected in the experimental plots. Different letters represent significant differences at P<0.05 according to Duncan’s
multiple range tests using SPSS 17.0. MS, MI and MIP, treatments of sparse planting, intensive planting and intensive planting with pruning
material utilization of mango orchards, respectively; WY and WM, treatments of young and mature wax apple orchards, respectively.
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FIGURE 3 – Dynamics of C residual rate (Xt/X0) for various organic materials during the decomposition period. Each point represents the
mean (±S.E.M.) of three organic material bags measured. MIP and WM indicate the treatments of intensive planting with pruning material
utilization of mango orchard and mature wax apple orchard, respectively. Curves represent the exponential function fitted to the C residual
rates. In MIP orchard (A), litterfall: y = e-0.073t, R2 = 0.97, n = 5; floor vegetation: y = e-0.119t, R2 = 0.98, n = 5; pruning material: y = e-0.043t, R2 =
0.99, n = 5. In WM orchard (B), litterfall: y = e-0.085t, R2 = 0.98, n = 5; floor vegetation: y = e-0.138t, R2 = 0.97, n = 5; organic fertilizer: y = e-0.082t, R2
= 0.97, n = 5.

3.3 C return, C supply and decomposition of the organic materials

In this study, the C stored in litterfallwas taken as C
return, because it was not moved away from orchard ecosystem, while remained on the soil surface of the orchard.
The C in floor vegetation was also considered as C return,
owing to it existing in the orchard as mulching. In the MIP
orchard, C stored in pruning material was also returned to
orchard ecosystem. The C contents of all the organic materials were calculated by multiplying their NPP and C concentration, and shown in Table 1.
The C content in organic fertilizer (Table 1, 3.64 t C
ha-1 y-1) should be taken as C supply for the two treatments
of organic wax apple orchards (WY and WM), since the
fertilizer was not produced in the systems but was added
into the orchards.
The C return and supply were usually entered into the
soil of orchard ecosystems. Complete decomposition of
these organic materials would occur within several years
through emission to the atmosphere as CO2 or transformation into a stable organic matter pool in the soil. The
data from the organic material bags showed that the decomposition followed an exponential function:

X t / X 0  e  kt
Where X0 is the initial C content of the organic material
(g C), Xt is the C content at decomposition time t (g C), and
k is the decomposition constant (month-1).
Dynamics of C residual rate (Xt/X0) for the returned (litterfall, floor vegetation and pruning material) and supplied
materials (organic fertilizer) on the soil surface of orchards
during the composition period were shown in Figure 3. The

results indicated that the decomposition rate of floor vegetation was the fastest, with C loss over 70% and 90% at the
end of the first year and the first two years, respectively. The
decomposition of litterfall was slower than that of floor vegetation, with a half-life-period of about 10 months. The C
loss rate of organic fertilizer was similar as that oflitterfall.
Compared with other materials, the pruning material decomposed much more slowly, giving a residual rate of
37.5% at the end of the second year. In general, the decomposition of litterfall and floor vegetation was slightly faster
in wax apple orchard than in mango orchard.
3.4 Soil respiration

Soil respiration rate (Figure 4), monitored throughout
the experiment period, was always higher in WM system
(4.14 g CO2m-2 d-1on average) than others. Soil respiration
of WY orchard (3.76 g CO2 m-2 d-1 on average) was lower
than WM orchard, but higher than all the mango orchards.
In the three types of mango orchards, the strongest soil respiration was determined in MIP (2.77 g CO2 m-2 d-1 on average) system, higher than that of MS and MI systems by
about 10% and 12.7%, respectively. We observed that the
highest rate for all the orchards occurred between June and
August, showing a positive relationship with soil temperature and moisture (data not shown and no significant differences in soil temperature and moisture among the orchards were measured during the experimental period).
3.5 Csequestration in mango and wax apple orchard ecosystems

During the life cycle of fruit trees, branches, trunks and
roots are important long-term C pools with steady increasing biomass, while fruits, leaves and pruning material are
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FIGURE 4 – Soil respiration in various tropical orchard ecosystems. Each point represents the mean (±S.E.M.) of 36 measurements in a month.
MS, MI and MIP, treatments of sparse planting, intensive planting and intensive planting with pruning material utilization of mango orchards,
respectively; WY and WM, treatments of young and mature wax apple orchards, respectively.

TABLE 1 - Analysis of C sequestration by various orchard ecosystems (t C ha-1 y-1)

Treatment*

MS
MI
MIP
WY
WM
0.40
0.47
0.55
0.76
0.43
C fixed in permanent structures and
0.27
0.28
0.30
0.75
0.24
existing leaves
0.18
0.24
0.30
0.12
0.15
0
0
1.21
0
0
C return
0.53
0.37
0.54
0.62
0.38
0.41
0.45
0.40
0.14
0.27
C supply from organic fertilizer
0
0
0
3.64
3.64
C emission from soil respiration
2.51
2.45
2.76
3.74
4.12
C sequestration**
-0.72
-0.64
0.54
2.29
0.99
*
MS, MI and MIP, treatments of sparse planting, intensive planting and intensive planting with pruning material utilization of mango orchards, respectively; WY and WM, treatments of young and mature wax apple orchards, respectively.
**
The value of C sequestration was calculated using the formula C fixed + C return + C supply – C emission. Positive and negative values indicate C
sinks and C sources, respectively.
Above-ground permanent structures
Roots
Leaves
Pruning material
Floor vegetation
Litterfall

flowing C pools, in which the fixed C may be lost with various management methods. In this study, C sequestration
by fruits and pruning material (except for MIP) was taken
as 0, since the C from fruit was lost from the orchard system through harvesting, and the C from pruning material
converted to atmosphere CO2 when it was moved out of the
orchard and burned.The results of C balance analysis for
the orchard ecosystems were shown in Table 1. Both MS
and MI orchards were weak C sources, with the net C emission of 0.72 and 0.64 t C ha-1 y-1, respectively, indicating
that the capability of mango orchard systems as C source
had not been changed by the increasing plant density. Contrarily, MIP orchard was a net C sink, due mainly to the C
return of 1.21 t C ha-1 y-1 from pruning material. Both the
wax apple orchards were effective C sinks, sequestering
2.29 and 0.99 t C ha-1 y-1 for WY and WM systems, respec-

tively. C sequestration potential of WY orchard was significantly higher than that of WM orchard, due to the higher C
fixation by above-ground permanent structures, more C return from floor vegetation and less CO2 emission from soil
respiration.

4. DISCUSSION
The amount of C partitioned to the components of the
orchard ecosystems depends on a number of factors, including tree age, orchard density and training system [10,
11]. The results of this study indicate that the total NPP of
tropic mango and wax apple orchards at different ages, plant
densities and management strategies ranges from 6.62 to
9.73 t DM ha-1 y-1 (Figure 1 and Figure 2), equivalent to 2.86
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to 4.48 t C ha-1 y-1 (the C concentration inthe dry biomassis
46% on average). Actually, C fixation by all these tropical
orchards is lower than the temperate orchard systems, such
as apricot (7.0 t C ha-1 y-1) [8], apple (4.7 t C ha-1 y-1) [12]
and peach (5.1 t C ha-1 y-1) [13], and even more less than
the kiwifruit and olive orchard systems determined with
eddy covariance method. This may relate to the low input
of chemicals and the extensive management by farmers for
the local fruit crops.
Increasing the planting density led to a non-linearly increase of biomass and C fixation of fruit trees.This phenomenon can be explained as that the higher number of
trees made up for the lower biomass and C content of single
trees in high-density orchards [14]. Sofo et al. [15] reported
that the sequestered C was primarily distributed in the permanent structures and in the root system in the early years
while the fixed C was distributed in temporary structures
such as leaves, fruits, and pruning material in mature orchards. This point is confirmed again by the present experiment though the measurements of NPP partitioning among
tree components of young and mature wax apple trees.
With the increasing of plant density or tree age, closer
plant spacings or larger canopies resulted in a lower light
penetration through the tree canopies and a consequent reduction of photosynthesis by the floor vegetation. This was
the reason for a lower NPP of ground cover in MI and WM
orchards. Moreover, the amount of litterfallwas mainly determined by that of the existing leaves, because the abscised leaves accounted for over 90% of total litterfall.
The results of C balance analysis showed that both MS
and MI orchards were weak C sources, with the net C emission of 0.72 and 0.64 t C ha-1 y-1, respectively, since the C
emission from the soil could not be offset by C fixation and
return. Meanwhile, based on the data (Table 1), it also
could be found that the C sequestration potential of mango
orchard system was not clearly influenced by plant density.
Due to the input of pruning material, the MIP orchard system was transformed into a weak C sink (0.54 t C ha-1 y-1).
The application of organic fertilizer made the wax apple
orchards sequester more C than mango orchards. The C
balance was 3.3 times higher in the WY orchard (2.29 t C
ha-1 y-1) than in the WM orchard (0.99 t C ha-1 y-1), due to
the differences in C fixation, C return and soil respiration.
Indeed, the C sequestration by wax apple orchards was
similar to that reported for other fruit orchard systems [12,
16], but higher than the C uptake by tropical mountain rain
forest (0.56 t C ha-1 y-1) [17].
In agro-ecosystems, any increase of the C pool as humus in soil derives almost entirely from the biotic pool of
C inputs [18]. The content of soil organic matter depends
mainly on the periodic input of organic materials which
come from CO2 fixation directly or indirectly by plants and
the speed of their mineralization. Each orchard in China
follows its own strategies for the management of the pruning materials. Generally, more branches are pruned with
tree ages [5]. Traditionally, large amounts of litter and

pruning materials will be removed from orchards every
year, and used as fuels, enhancing the loss of nutrients from
orchards and the release of CO2 into the atmosphere [19].
In addition, the floor vegetation is usually removed by
herbicides before flowering or artificially after flowering
in order to avoid water and nutrient competition, which will
also cause losses of nutrients in orchards [20]. The litterfall, Pruning material and ground cover left to decompose
naturally represent an efficient mean of long-term C fixation [21]. Most of the returned organic materials were decomposed into CO2 by soil animals and microbes, the rest
would be transformed into long-term soil C pools through
humification [22]. For example, after agricultural waste returning for 7 years in a no-tillage peach orchard, the increment of soil organic C content was approximately 16 times
of that in the conventional treatment [23]. Furthermore, agricultural waste could also be used to improve the soil physical, chemical and biological properties, enhance soil quality
and fertility, including water holding capacity and availability of plant nutrients [24].
Soil is not only the basis of plant production but also
an important carrier and container of C in terrestrial ecosystems [13].Continuous application of organic fertilizer to
agro-system can result in the accumulation of organic C in
the soil, leading to a huge potential for C sequestration
[25]. In this study, the C sequestration of wax apple orchards applied with organic fertilizers (WY and WM) was
significantly higher than that of mango orchards applied with
inorganic fertilizers (MS and MI) (Table 1). Similarly, application of organic fertilizers in peach orchards for 18 consecutive years increased the organic C content in topsoil (0-15 cm)
by 14 t ha-1 [26], and significantly reduced the density of soil
above 17 cm[27], compared to that applied with inorganic
fertilizers.
Blanke [28] reported that soil respiration occupied a
major contribution to the CO2 flux in orchard systems.
Consistently, the data of this study showed the annual respiration rates ranged from 2.45 to 4.12 t C ha-1 y-1, and the
organic wax apple orchards possessed higher soil respiration than mango orchards. Soil respiration depends on several variables, such as soil temperature and moisture, organic matter content, and other characteristics [29]. Soil
respiration markedly decreased in winter with the decrease
in soil temperature and moisture, as reported by Liu et al.
[30] and Suseela et al. [31].While in this study, soil temperature and moisture were likely not to be the sources of
variability of soil respiration among the orchard ecosystems, because no differences in soil temperature and water
content among the various orchards were measured during
the experimental period. Probably, the application of organic fertilizer was the promoter for the higher soil respiration in wax apple orchards. Firstly, the content of soil active organic C, the substrate for soil respiration, could be
improved clearly by organic fertilizer [32]. Secondly, the
soil microbial activity could be promoted after the addition
of organic fertilizer, owing to the increase of C source and
the improvement of soil physical and chemical properties
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[33]. In addition, the application of organic material could
strengthen mineralization of original organic matter in soil,
being called “priming effect” [34].
It is important to note that the C sequestration by the
orchard ecosystems was underestimated, because the turnover of fine roots and root respiration were not measured
in this study. Guo et al. [35] indicated that the most important channel for fixed C into soils was fine roots duo to
their short life spans and the quick decomposition of dead
roots. Whether the fine roots in orchards have such a critical role in Csequestrationis still in disputed. For instance,
the monitoring results for the dynamics of fine roots in temperate apple orchard by Wu et al. [5] using a minirhizotron
technique showed that the fine root biomass only accounted for a small percentage (<0.1%) of total biomass.
The fine roots may not make such a large contribution to C
sequestration in orchard ecosystems, although the annual
fine root turnover index is as much as 5 to 10. Theoretically, the root respiration should be excluded from the soil
heterotrophic respiration when estimating the C sequestration potential of an ecosystem. In general, one quarter to
one third of respiration occurring in soil is from roots of
high plant. If so, the results of C sequestration in this study
were underestimated by 0.6 to 1.0 t C ha-1 y-1 for various
tropical orchard ecosystems.
C cycle in orchard ecosystems is much affected by
management strategies. This study indicated that C fixation
and sequestration in orchard ecosystems were not only affected by the plantation density and age, but also improved
by the return of litterfall and floor vegetation and the application of organic fertilizer. In actual processes of weeding,
pruning and harvesting, a part of fixed C was removed out
from the orchards and might return to the atmosphere in the
form of CO2 within a short period of time. Compared with
traditional cropping modes, appropriate organic fertilization, grass planting, and waste utilization could not only
increase soil C sequestration, but also obtain more economical benefits from C sequestration through improving soil
structure and increasing soil fertility and soil biological diversity [36].
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ABSTRACT
Moonmilk an omnipresent cave deposit consists of
mineral components presents extreme habitats for microbial life forms. However, our knowledge in life in moonmilk deposits is limited. This research is the first record of
microbial diversity in moonmilk deposits at Oylat Cave.
454-pyrotag sequencing one of the culture-independent
techniques was applied to analyze the environment. Twelve
phyla were identified with an average of 1,630 operational
taxonomic units per moonmilk sample. Bacterial taxonomic
profiles are dominated by Proteobacteria, followed by Actinobacteria, Nitrospirae and Acidobacteria respectively.
Community Shannon diversity index was between 4.09
and 5.87. In this context our study provides details about
constituent microorganisms of the microbial community of
moonmilk formations in Oylat Cave (Bursa, Turkey).
KEYWORDS: moonmilk deposity, microbial diversty, pyrosequencing, Oylat Cave

1. INTRODUCTION
Microorganisms can survive in different habitats on
the Earth. Cave systems supply habitats where growth condition is characterized by stable temperature, high humidity, darkness or low light levels for microorganisms. Analysis of the microbial diversity of extreme habitat provides
better understanding of global microbial diversity and their
role in biogeochemical cycling. Our understanding of microbial diversity, factors controlling distribution patterns,
role of microbes and biospeleogenesis process in caves remain limited.
Diversity analysis of microorganisms in cave environments has been studied in different caves with culture-independent techniques (16S rRNA) since the end of 1990s [1-5].
Moonmilk deposits generally do occur on the walls of
caves and have a cottage cheese appearance [6, 7]. For* Corresponding author Yasemin Gulecal-Pektas

mation, microbiological structure and metabolic activity of
moonmilk deposits in carbonate caves in different parts of
the world have been studied in the past decade [8-10].
Studies on understanding the role of microorganisms in the
formation of moonmilk deposits is still ongoing [11].
The aim of this study was to determine the bacterial
diversity of moonmmilk deposits at Oylat Cave (Bursa,
Turkey) using 454 pyrosequencing. The structure, diversity
and abundance of bacteria communities living in moonmilk
deposits were discussed.

2. MATERIALS AND METHODS
2.1 Site Description

Oylat Cave was formed due to karstification and is located 17 km south of Inegol in Bursa, Turkey. It developed
at the intersection of two fault zones striking along WNWESE and NE-SW directions in recrystalized limestone unit
of Permian-Triassic age. Oylat Cave is a fossil cave, that
has a total length 665 m. General features and formation of
Oylat Cave have been first described by [12]. In addition,
sedimentation structure and storage process in the cave
have been described by [13].
The first section of major depressed center is the first
part of the cave. It has developed through a fault in the direction of northeast to southwest. The ceiling height is 2-5 meter, and its length is 200 meter (Fig. 1). The formation of
this first part occurred most probably after Middle Miocene
period, before Upper Miocene period. The second part has
a ceiling height 20-meter, and measures 450 m in length. It
apperared after Upper Miocene period, during Pliocene period. The third part has only an entrance hall; it is the
youngest and biggest hall of the cave. This section has developed under fossil layer. Its ceiling height is 15 m, and
its width is 18 m. The third part was formed during Quaternary period. In the three parts creating the cave, debris
and carbonate sediments accumulated. In the first part,
there are debris stores including pebble stone, sand stone
and silt stone and carbonate things including stalactite, stalagmite, column, cave pearls. In the second part, carbonate
things are present and these are cave breaches, stalactite,
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FIGURE 1 - Map of Oylat Cave (adapted from Atabey et al. [7])

FIGURE 2a - Moonmilk sampling locations at section I of Oylat Cave

FIGURE 2c -Moonmilk sampling locations at section III of Oylat Cave

stalagmite, column, macaroni structures, curtain stalactites,
cave pearls, giant stalactites pools. In the third part, mudstone, siltstone, sand stone and thick cave breaches are present.
2.2 Sample Collection and DNA extraction

FIGURE 2b - Moonmilk sampling locations at section II of Oylat Cave

The samples were collected in May 2012. Two samples of about 1 g were collected from each section (Fig.2a,
Fig.2b, Fig.2c) using sterile spatula and they were stored
in sterile Whirl-Pak bags (Nasco, Ft. Atkinson, WI, USA).
After collection, the sample were frozen on dry ice on site
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and stored at -20°C upon return to the laboratory [14].
Cave air temperature was measured with a digital temperature and relative humidity device (Oregon Scientific, US).
The pH in moonmilk deposits was determined using pH
microelectrode (Thermo Scientific, US) following the
methods described in details by [15]. Environmental DNA
was extracted from cave wall using the MoBio PowerSoil
DNA kit.
2.3 454 Pyrosequencing

For the pyrosequencing, the V6-V8 region of the 16S
rRNA gene was amplified using PCR with a bacterial universal primer set. A single-step 30 cycle PCR using HotStar Taq Plus Master Mix Kit (Qiagen, Valencia, CA) was
used under the following conditions: 94oC for 3 minutes,
followed by 28 cycles of 94oC for 30 seconds; 53oC for 40
seconds and 72o C for 1 minute; after which a final elongation step at 72o C for 5 minutes was performed. Following PCR, all amplicon products from different samples
were mixed in equal concentrations and purified using
Agencourt Ampure beads (Agencourt Bioscience Corporation, MA, USA). Samples were sequenced utilizing Roche
FLX 454 (Roche, Mannheim, Germany) pyrosequencer and
following manufacturer’s guidelines by MrDNA, TX, USA.
2.4 Sequence Analysis

Raw results 454 pyrosequencing were analyzed with
combining the quantitative insights into microbial ecology
(QIIME), Mothur and ribosomal database project (RDP)
programs as described in [16]. The obtained sequence data
were depleted of barcodes and primers. Then short sequences < 200bp were removed by using the QIIME
split_library. Sequences with ambiguous base calls were
removed, and sequences with homopolymer runs exceeding 6bp were removed. Sequences were then denoised and
chimeras were removed using the Chimera.uchime program in Mothur (http://www.mothur.org/ wiki/ Download_mothur) [17, 18]. Operational taxonomic units
(OTU) were defined after removal of singleton sequences,
clustering at 3% divergence (97% similarity) by using the
pick_otus_through_ otu_table.py script of QIIME. OTUs
were then taxonomically classified using BLASTn against
a curated Green Genes database [19] and compiled into
each taxonomic level into both “counts” and “percentage”
files. Counts files contain the actual number of sequences
while the percent files contain the relative (proportion) percentage of sequences within each sample that map to the
designated [20,21] taxonomic classification using the RDP
Classifier (http://rdp. cme.msu.edu). Sequences were deposited in the NCBI Sequence Read Archive under accession
number SRX681191.
2.5 Scanning electron microscopy (SEM) with EDS

Samples were fixed prior to SEM analysis in 4% paraformaldehyde/PBS [22].
After critical point drying and gold coating, the samples were observed with a scanning electron microscope

Jeol JSM – 7001FA at 30 kV. For chemical analyses by
EDS, standard ZAF corrections were used, which provide
semi-quantitative microanalyses.

3. RESULTS AND DISCUSSION
3.1 Field observation and environmental condition

Sampling was started in Section III, entrance hall of
the cave, continued with Section II and was completed in
Section I. The amount of moonmilk deposits was significantly lower in the entrance hall of the cave as compared
to other sections. This may be associated with the fact that
this is the youngest section of the cave. On the other hand,
the highest amount of moonmik deposits was found in Section I which is thought to have occurred in the late Middle
Miocene period or early Upper Miocene period. The temperature inside the cave was 14o C in Section III, 15o C in
Section II and 10o C in Section I. pH of moonmilk samples
was composed between 8.1 and 8.4.
3.2 SEM investigations

SEM images revealed large amounts of crystal forms.
The results of EDS analysis, indicating the presence of calcium, carbon and oxygen confirmed that the formation was
carbonate minerals and most probably calcite. Microbial
colonization was not visible on the moonmilk samples.
However, reticulated filaments were found. Moonmilk deposition on cave walls at Oylat Cave is presented in Fig. 3.
3.3 454-pyrotag Diversity Analysis of Bacterial Community

A total of 145,518 partial 16S rRNA gene sequences
were generated from six samples for 4789 – 20879 sequences per sample after quality filtering and contaminant
removed. Diversity indices (Table 1) were calculated for
each section. Number of OTU was determined between
1239 and 2012. DOTUR was used in order to estimate the
level of rarefaction curves and to calculate various species
richness indices. Shannon diversity index was between
4.89 and 5.87 in Section I, between 5.16 and 5.66 in Section II and ranged from 4.09 to 4.27 in section III. Chao1
was calculated as 2,022 and 3,820.
3.4 Analysis of Community Taxonomic Composition

Bacterial community structures were generated for
each sample based on analysis of 454 pyrosequencing. A
total of 12 phyla were identified from Oylat Cave. In sections I and II, bacterial communities were dominated by
Proteobacteria with abundances ranging from 40% to
52%, however Actinobacteria was the dominant phyla in
Section III, with abundances ranging from 46% to 50%
(Fig. 4a).
Proteobacteria phylum includes most abundant Gammaproteobacteria, Betaproteobacteria and Alphaproteobacteria in all sampling sites (Fig. 4b). Dominant Proteobacteria (48-52%) in Section I was followed by Nitrospira
(10-15%), Actinobacteria (10%) and Firmicutes (4-6%)
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(a)

(b)

(c)
FIGURE 3 - Scanning electron micrograph of moonmilk deposits from Oylat Cave (a – SEM of moonmilk deposits , b – SEM of the calcite
crystal forms observed within the moonmilk deposit , c- image of SEM-EDS analysis result)

TABLE 1 - Summary of 454 –pyrotaq Operational taxonomic units (OTUs) and diversity and richness estimates
Sample
Number of OTUs
M1
1,639
M2
2,012
M3
1,650
M4
1,788
M5
1,239
M6
1,456
a
Calculated using ACE richness estimator

Chao1
2,960
3,820
3,344
3,411
2,022
2,210
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ACE
3,704
4, 243
3,122
3,366
2,488
2,510

Shannon
4.89
5.87
5.16
5.66
4.09
4.27

© by PSP Volume 24 – No 3. 2015

Fresenius Environmental Bulletin

(a)

(b)
FIGURE 4 - Bacterial community composition of 454 sequence libraries. (a) Distribution of dominant phyla in moonmilk samples: The category
“others” represents bacterial phyla that were represented in less than 1 % in all samples and include the phyla Gemmatimonadetes, Armatimonadetes, Chloroflexi, Chlorobi and Cyanobacteria. (M1, M2 represent Section I; M3, M4 represent Section II; M5, M6 represent Section III) (b)
Distribution of Proteobacteria (class) in samples
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communities respectively. In Section II most dominant
phylum was Proteobacteria (40-45%) and followed by Actinobacteria (15%), Nitrospira (10-15%) and Acidobacteria (8-10%) respectively. Moonmilk samples in Section III
were comprised of Actinobacteria (46-50%), Proteobacteria (22-25%) and Acidobacteria phyla (6-7%) at abundance levels.

4. DISCUSSION
Moonmilk deposits are structures that typically include
non-ordered crystals and are easily collected from the walls
of caves. SEM observations’ of this study structurally resemble prior moonmilk researches. Large amount of calcite crystals were observed along with reticulated filaments. Previous studies conducted to determine whether
the origins of reticulated filaments are minerals or microbes revealed that that they are not minerals. It was reported that these formations are seen in limestone caves
and especially in fossil caves [23].
Microbial community structure of moonmilk deposits
has been previously studied with molecular methods such
as PCR- DGGE technique and Sanger sequencing [24].
16S rRNA gene sequence analysis using pyrosequencing
technique, provides a new approach for evaluating microbial communities in connection with distribution, diversity,
community comparison and dynamics, was used in this
study.
It was reported that the dominant group of clone libraries in different caves (e.g., Earth-cave, Guizhou Province,
China; Frasassi Cave System, Italy; Lechuguilla and Spider Caves, USA; Nullarbor Caves, Australia; Pajsarjeva
Jama, Slovenia; Tito Bustillo Cave, Spain; Wind Cave,
USA) is Proteobacteria and Proteobacteria members are
generally species of Gammaproteobacteria group [25, 30].
Proteobacteria phylum was observed as the most abundant
phylum according to the PCR- DGGE analysis in Altamira
Cave, a karstic cave [31]. Similarly, the results of this study
revealed that Proteobacteria phyla is dominant in moonmilk deposits of Oylat Cave. Furthermore, Gammaproteobacteria are dominant in the structure of the community.
As typical heterotrophs, Actinobacteria actively participate in the carbon cycle by degradation of organic
wastes [32]. In 2007 Barton et al. reported that Actinobacteria was the dominant phylum in entrance of limestone
cave system. Also, abundance of the phylum Actinobacteria, especially near the entrance, was reported for the
Paleolithic Cave of Bats, Zuheros, Spain [33]. Similarly,
high degree of representation of Actinobacteria phylum
was identified in Section III as distinct from Section I and
Section II. Furthermore, it was the second dominant phylum in moonmilk deposits.

in different cave ecosystems such as on speleothem surfaces in Kartchner Caverns, USA [34], Herrenberg Cave,
Germany [35], Niu Cave, China [36], Pajsarjeva jama, Slovenia [37], Llonin and La Garma, Spain [38]. Even though
practical roles of Nitrospirae phylum members are still not
well known in oligotrophic cave environment, conducted
researches have revealed members of this phylum play role
in different biogeochemical cycles.
Acidobacteria were detected in clone libraries of previously reported caves (e.g. Lechuguilla and Spider Caves,
USA; Herrenberg Cave, Germany; Altamira Cave, Spain;
Wind Cave, USA; Magura Cave, Bulgaria; Earth-cave,
Guizhou Province, China). Acidobacteria phylum was the
fourth dominant phylum in Oylat Cave. The phylum Acidobacteria is determined as monophyletic phylum with
only cultivated species [39]. Some evidence exists that Acidobacteria are capable of methylotrophic growth which
may be an ecological advantage in an oligotrophic habitat
with low inputs of organic matter [40]. However lack of
cultivated species of Acidobacteria phylum limits understating their functional roles [41]. Firmicutes, Chloroflexi,
Bacteriodetes phyla were also found in moonmilk deposits
yet their presence were significantly lower than the aforesaid dominating phyla.
As indicated above Proteobacteria, Actinobacteria,
Nitrospirae, Acidobacteria have been frequently observed
as dominant phyla in different cave systems including Firmicutes, Chloroflexi, Bacteriodetes. Oylat cave moonmilk
deposits’ microbial community structure exhibits a parallel
diversity. Following 454-pyrotag results with high diversity index delivers microorganisms in Section III are in
saprophytic life form, and Section I and Section II are oligotrophic cave environments where Proteobacteria phylum members are dominant.
In conclusion, as a starting point the diversity analysis
conducted in the moonmilk deposits of Oylat Cave have
been presented to provide key information. While 454-pyrotag sequencing analyses allows detection and identification of constituent microorganisms of microbial communities in the absence of cultivation, further research is crucial
to determine the roles of identified microorganisms in
moonmilk deposit development and in biogeochemical cycles.
Our ongoing research findings will be presented as
more information accrues.
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PHOTOCATALYTIC PERFORMANCE OF CO-TINTS FOR
TETRACYCLINE DEGRADATION IN VISIBLE-LIGHT-DRIVEN
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ABSTRACT
The effective visible-light-driven photocatalysis of tetracycline still remains a great challenge. In this work, we
successfully synthesized the Co doped titanate nanotubes
(Co-TiNTs) by a fast and convenient method under a simple
and mild reaction condition. A wide range of techniques,
such as X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray analysis system (EDS), X-ray photoelectron spectrometer (XPS), Brunauer-Emmett-Teller
(BET) and UV-vis absorption spectroscopy (UV-vis) were
applied to characterize the obtained Co-TiNTs. Moreover,
we have studied the photocatalytic properties of the CoTiNTs in the degradation of tetracycline (TC). In addition,
we found that Co-TiNTs have a better reusable photocatalyst than other traditional photocatalysts for its great settleability.
KEYWORD:
titanate nanotubes; photocatalysis; doped; tetracycline.

1. INTRODUCTION
Tetracycline (TC), a significant broad-spectrum antibacterial agent widely used for bacterial infection treatment,
is extensively available in aquatic environment, which poses
serious threats to the ecosystem and human health by inducing proliferation of bacterial drug resistance [1,2]. Now, they
are still used in livestock for treating diseases, promoting
growth and improving feed efficiency. However, public
concerns have been raised by the sustained use of these antibiotics in the aquatic environment [3]. There are indications that these compound cannot be completely digested
in animals and a large amount of the ingredients were excreted to environment via feces and urine, the concentration can be detected from ng/L to g/L in drinking water,
through surface runoff and leaching [4,5]. Unfortunately, the
conventional degradation processes are often constrained by
* Corresponding author

the low efficiency and high cost. Recently, the photocatalytic oxidation has been established to be one of the most
promising technologies for environment remediation and
provided a promising proposal for the transformation and
degradation of TC [6].
Among the various photocatalysts, TiO2 has been
known as one of the commonest and most efficient photocatalysts with its unique characteristics in band position,
and its surface structure [7]. Titanate nanotubes (TiNTs)
with a high specific surface area, ion-changeable ability,
and photocatalytic ability have been considered for an extensive number of applications [8, 9]. Many groups have
tried to optimize the preparation conditions, such as the hydrothermal treatment time, temperature and HCl concentration, distinct crystal sizes, and different titanium oxide
precursors to effectively prepare high-yield nanotubes from
this simple, cost-effective, and environmentally friendly
technology [10-13]. However, TiO2 can utilize the photons
only in the wavelength shorter than 380 nm, which accounts
for no more than 4% of the solar spectrum [14]. Metal ion
[15-18] incorporation into titanate nanotubes will definitely change their properties, however, as a result of the
metal ion insertion the structure of the nanotubes can be
strongly influenced as well. The photocatalytic activity
could be improved by framework doping using iron [19] or
nitrogen [20] dopants as well. In the present study, we
show the effect of cobalt on the heat treatment induced
structural changes of the titanate nanotubes. By Co doped
into the crystallattice of TiNTs, the photocatalysis of the
Co-TiNTs are better than that of TiO2 for the structure,
properties and red-shift of the composites' absorption cutoff wavelength.
Herein, we for the first time report the photocatalytic
degradation of TC on Co-TiNTs under visible-light. CoTiNTs photocatalyst is prepared by a fast and convenient
method under a simple and mild reaction condition. In addition, Co-TiNTs was analyzed and characterized by XRD,
SEM, TEM, EDS, XPS. Moreover, we have also studied
the properties of photoabsorption and photocatalytic degradation of the as-prepared Co-TiNTs. Then, our study is
necessary and significant for Co-TiNTs from the value of
practical applications.
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2. MATERIALS AND METHODS
2.1 Material and Methods

All of the reagents were of analytical grade and were
used without further purification and the water used was
been deionised. A typical synthesis process for TiNTs are
as follows: Firstly, 1 g of TiO2 was added to 60 ml of 8 M
NaOH solution, and the mixture was hydrothermally reacted at 150 °C for 15 h under stirring in a Teflon-lined
stainless steel autoclave. The resulting white precipitate
was washed with 3% HNO3 and finally with water again to
obtain a neutral salt-free product. The nanotubes were
dried at 80 °C. We prepared the Co-TiNTs in the same procedures as the TiNTs except adding 10 wt. % Co(NO3)2
into the Teflon-lined stainless steel autoclave.
2.2 Characterization and measurements.

The composite of TiNTs and Co-TiNTs were examed
by a scanning electron microscope (SEM, S-4800), a transmission electron microscopy(TEM, D8 ADVANCE of Germany brooke AXS company, wavelength for 0.15406 nm)
and energy-dispersive X-ray analysis system (EDS). The
identification of crystalline phase was performed using a
Rigaku D/max-γB X-ray diffractometer (XRD). The investigation of the surface of the sample was by an X-ray photoelectron spectrometer (XPS, PHI-5300). UV-vis diffused
reflectance spectra of the samples were obtained from a
UV-vis spectrophotometer (UV2550, Shimadzu, Japan).
The Brunauer-Emmett-Teller (BET) surface areas were determined from nitrogen adsorption-desorption isotherms at
77 K (ASAP 2020, Micromeritics, America).
2.3 Photocatalytic degradation of antibiotic.

The photocatalytic properties of the powders were carried out at 298 K in our home-made instruments. The photochemical reactor contains 0.1 g Co-TiNTs and 100 mL of
30 mg/L TC aqueous solution. To determine the initial absorbency of samples, the reactor was kept into darkness for
30 min to reach absorption equilibrium. Then the solution
was irradiated by the visible light and was aerated. The
photochemical reactor was irradiated with a 300 W Xenon
lamp which was located with a distance of 8 cm at one side
of the containing solution. The sampling analysis was conducted in 15 min interval. TC absorption concentration was
determined using the TU-1800 UV–vis spectrophotometer
(Shanghai AoXi technology Instrument CO., Ltd.) by recording the variations of the absorption band maximum at
λ = 357nm (TC) .The degradation rate (DR) was calculated
by this formula:
DR = [(1–Ai/A0)] ×100%.

(1)

Where A0 is the initial absorbency of the TC antibiotic
waster water solution which reached absorbency balance
and Ai is the absorbency of reaction solution.
2.4 Settleability, recovery and reuse of photocatalyst.

The settleability was studied by stewing from aqueous solution. A recovery study was conducted by using a methanol/

acetic acid (95:5, v/v) solution. After the photocatalyst and
solvent contacted fully, the Co-TiNTs were separated rapidly by centrifuging. Subsequently, the supernatant solutions
were removed and the Co-TiNTs composites were washed
by a methanol solution containing 5.0% acetic under ultrasound. To investigate the recovery of the photocatalyst, the
Co-TiNTs after photocatalytic degradation were reused in
the experiments and the process was duplicated two times.

3. RESULTS AND DISCUSSION
The crystallographic phase purity and elementary composition of the as-synthesized Co–TiNTs were characterized
by X-ray diffraction (XRD). As shown in Fig. 1 (a), the diffraction peak of TiNTs and Co–TiNTs both are at 2θ =
24.5°, 28.6°, 48.3° which can be confidently indexed as the
(110), (130), (200) reflection of the H2Ti3O7. The XRD results indicated that the TiO2 precursors were completely
transformed to TiNTs and no anatase or rutile phase existed
in the obtained nanotubes. However, we cannot find diffraction peak about Co in the XRD results. Moreover, Fig. 1 (b)
about the EDS pattern shows that Co really exists in the
sample. To determine the chemical state of the elements,
XPS measurement about Co and Ti was carried out in samples, shown in Fig. 1 (c) and (d). The results suggested that
Co was doped into the crystallattice of H2Ti3O7. In Fig. 1 (c),
the Ti2p peaks of Co–TiNTs appear at 464.62 and 458.82 eV,
respectively. The Co2p3 feature of Co–TiNTs has a binding energy of 781.57 eV in Fig. 1 (d). These results are in
agreement with XRD and EDS. Under experimental conditions the hydrothermal treatment did not damage the structure of the samples and the tubular structures of TiNTs
were maintained [21].
The SEM patterns of TiNTs (a) and Co-TiNTs (b) are
shown in Fig. 2. As depicted in Fig. 2 (a), as prepared TiNTs
have a great dispersibility and a little tendency of being aggregated, even so, the smooth tube wall structure of TiNTs
provide probability of being support for functional application. The as-obtained TiNTs products in the reaction system consist almost of relatively uniform nanometre-scale
tubes with lengths of 500 nm and diameter of 10 nm. After
Co doped treatment, the tube did not change much as
shown in Fig. 2 (b). The results suggested the Co did not
accumulate on the surface of the nanotube and was doped
into the crystallattice of H2Ti3O7 [22].
The TEM patterns of TiNTs (a) and Co-TiNTs (b) areshown in Fig.3. As it could be seen from the Fig. 3 (a), the
surface of TiNTs is smooth and the outer diameter is 10 nm
and the inner diameter is 5 nm. The nanotubes are hollow
and the two terminals are opening. The prepared TiNTs
have a great dispersibility and a little tendency of being aggregated. In Fig. 3 (b), the tube did not change much After
Co doped treatment. All the result is according with that of
SEM suggested the Co did not accumulate on the surface
of the nanotube and was doped into the crystallattice of
H2Ti3O7.
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FIGURE 1 - XRD pattern (a) of the typically as-synthesized TiO2, TiNTs and Co-TiNTs sample. EDS pattern (b) of the typically as-synthesized
Co-TiNTs sample. XPS spectra of Ti peaks (c) and Co peaks (d) of Co-TiNTs

FIGURE 2 - SEM images of TiNTs (a) and Co-TiNTs (b).

835

© by PSP Volume 24 – No 3. 2015

Fresenius Environmental Bulletin

FIGURE 3 - TEM images of TiNTs (a) and Co-TiNTs (b).

Table 1 shows the results of the BET surface area
measurements. The surface areas and bore diameter of untreated TiNTs, Co-TiNTs, and TiO2 were 176.29, 182.31
and 43.78 m2/g, 6.21, 5.82 and 3.76 Å, respectively. The
surface area was significantly increased after the hydrothermal treatment, which was strongly related to the morphological change from nanoparticles to elongated nanostructures
with hollow tubes. Moreover, the surface areas of the CoTiNTs samples were slightly increased after doped treatment, which might be due to the elemental doped into hollow tubes.

utilizing most of the visible light for photocatalysis. This
phenomenon may be attributed that Co doped into the crystallattice of TiNTs and formed impurity levels near or
above the valence band resulting in a decrease in band gap
energy. Another reason underlying this phenomenon is that
the changes in crystallattice, resulting from the lattice parameters difference between Co and H2Ti3O7, which shows
that doping Co can effectively restrain the recombination
of electrons and holes, the change forced the band gap energy to the red region of the spectra [23].

TABLE 1 - Physicochemical properties of the prepared samples

Average value of BET
surface area (m2/g)
43.78

Average value of BET
bore diameter (Å)
3.76

TiNTs

176.29

5.82

Co-TiNTs

182.31

6.21

Samples
TiO2

As is well acknowledged, the light absorption extent
plays a key role in determining the photocatalytic activity
of a photocatalyst. The process of a semiconductor photocatalysis is the direct absorption of photons by the band gap
to excite electrons from valence band to conduction band
in particles, and the separated electrons and holes subsequently moved to the particle surface and react [2]. To further understand Co-TiNTs, we have studied the UV-vis diffused reflection spectra. As shown in the Fig. 4 (a), the absorption cut-off wavelength for TiO2 is determined to be
about 400 nm, which means TiO2 only absorb ultraviolet
(UV) light and transmit visible light. The absorption spectrum of TiNTs presented in Fig. 4 (b) shows the similar
curve in UV light, but the adsorption is weaker than
TiO2.from Fig. 4 (a).This phenomena belongs to the blue
shift in the UV–vis wavelength which is attributed to the
reduce of the particle size after the synthesis of nanotube
by hydrothermally reacted. In the Fig. 4 (c), the absorption
cut-off wavelength appears obvious red-shift, capable of

FIGURE 4 - UV–Vis diffuse reflection absorption spectra of TiO2,
TiNTs and Co-TiNTs.

From the above discussion, Co-TiNTs show good absorption in the visible region and are effectively excited by
the visible light. We demonstrated the potential application
of Co-TiNTs in photocatalytic degradation of TC and the
influences on photocatalysis. Fig. 5 (a) displays the time-dependent degradation of TC as the pollution source by TiO2,
TiNTs and Co-TiNTs under the same the photocatalytic degradation condition. The photocatalytic degradation rate of
TiO2, TiNTs and Co-TiNTs are 48.84, 72.41 and 88.27% in
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FIGURE 5 -The photocatalytic degradation of TC (a) and removal of TOC (b) on three samples: TiO2, TiNTs and Co-TiNTs.

FIGURE 6 -The settleability images of TiO2 (1) and Co-TiNTs (2, 3 and 4) after stewing for 5 min (a), 30 min (b) and 60min (c).

90 minutes, respectively. It is well known that reducing the
electron-hole recombination probability and increasing
electron mobility are the key factors, doped Co can change
the crystallattice caused by the lattice parameters difference between Co and TiO2 which can act as a trapping center of photogenerated electrons to reduce the electron-hole
recombination under visible light illumination. As a result,
the electron-hole recombination was retarded and the degradability efficiency was improved.
To further demonstrate photocatalytic properties of the
photocatalysts, TOC analyses were conducted. Figure 5b
showed the removal rate of TOC with Co-TiNTs, TiNTs
and TiO2 photocatalysts on the degradation of TC under
visible irradiation. As shown in Figure 5b, TOC contents
of different samples decreased in the same order as that of
the photocatalytic degradation curves (Figure 5a). However, the removal rate of TOC is lower than that of photocatalytic degradation. This is reasonable because the degradation curve data were measured after the photocatalyst
separation step by centrifugation. Similar trends of TOC
removal and the degradation curves indicate our experiments of photodegradation successfully removed the effect
of physical adsorption and correctly evaluated the photocatalytic activity of different photocatalysts. Moreover, the
reduced TOC contents suggest that Co-TiNTs have huge
potential in environmental applications such as the mineralization of TC.

To investigate the light catalyst reusability of the CoTiNTs, an experiment was conducted to measure the settleability and reuse of the photocatalyst. Fig. 6 shows the results of the settleability between TiO2 and Co-TiNTs. Form
the Fig.6 (a), the Co-TiNTs had a tendency of layering after
stewing for 5 min. The Co-TiNTs have layered after 30 min
from the Fig.6 (b) and c which proved Co-TiNTs have great
settleability. In two cycles，it was observed that at the first
time step, the degradation efficiency for the TC reached
89.41% in 90 min. After the photocatalysis, by using the
methanol/acetic acid (95:5, v/v) solution eluent under an ultrasonic bath for 15 min, the degradation efficiencies for the
TC reached 74.42 and 65.93% at the first and second time.
Compared with the first photocatalysis, the photocatalytic
capacities were reduced to 13.85 and 22.34%, respectively.
It can also be seen that the total photocatalytic capacities of
the TC slightly decreased with the increase of using times
because of the light corrosion.

4. CONCLUSION
We have successfully synthesised Co-TiNTs nanotubes by a fast and convenient method under a simple and
mild reaction condition. The obtained nanotubes is hollow
and the two terminals are opening with outer diameter of
10 nm and the inner diameter of 5 nm. In addition, we have
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also studied the morphology and photocatalytic degradation of the as-prepared Co-TiNTs through the different
characterization testing technology. The results show Co2+
have been doped into the crystallattice of TiO2, and the
photocatalysis of the composites are better than that of
TiO2 for the change of structure and properties. Moreover,
we have also found that the Co-TiNTs have better reusable
photocatalysis than other traditional photocatalysts.
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ABSTRACT

1. INTRODUCTION

The spatial distribution characteristics and molecular
structure of dissolved organic matter (DOM) in sediment
of Lake Baiyangdian were studied using ultraviolet-visible
(UV-Vis) spectra and excitation emission matrix (EEM)
spectra. This study provides more information for ecological environment government and restoration of Lake Baiyangdian. Four components were identified in the upper
samples (0-5cm), including UV fulvic-like (peak A), protein-like (peak T2 and peak T1) and visual fulvic-like (peak
C). The same components were found in the lower samples
(5-10 cm) in a different configuration: Two UV fulvic-like
(peak A1 and peak A2), protein-like (peak T) and visual fulvic-like (peak C). The variation was caused by the different
horizonal and vertical distribution the samples. Protein-like
substances dominated in all samples, especially in the upper
samples, while UV fulvic-like and protein-like substances
dominated in the lower samples together. UV-Vis spectra
results suggest that the percentage of aromatic was higher
in cleaner water regions and lower in water regions that receive more pollutants, and that the degree of humification
increased from the sediment surface to the lower samples.
Correlation analyses represented the relationships among
the different parameters and integrated them. The results
indicated that wastewater discharge and aquaculture are the
main reasons for DOM variation in Lake Baiyangdian.

KEYWORDS: Dissolved organic matter (DOM); Ultraviolet-visible
(UV-Vis) spectra; Fluorescence spectra; Correlation analysis

* Corresponding author

Lake Baiyangdian (115º45′–116º07′E, 38º43′–39º02′N)
is located in central Hebei province, it is one of the largest
lakes in north China, and is a combination of drinking water reservoir, aquaculture source, and aquatic nature reserve; furthermore, it helps to adjust the regional climate
and carbon cycles [1]. It consists of 143 small and shallow
lakes linked by thousands of ditches, with a mean surface
area of 366km2 and a water depth of less than 2 meters [2].
The ditches in the lake area are in crisscross patterns [3].
There are 39 types of aquatic plants in the lake, of which
Ceratophyllum demersum and Phragmites australis are the
dominant submerged and emergent plants, respectively [4].
With the rapid development of the area’s economy and infrastructure, however, large amounts of pollutants are brought
into the lake from upstream, including industrial, domestic,
and agricultural wastewater, which contain inorganic and
organic pollutants as well as heavy metals etc. Dissolved
organic matter (DOM) has reactive groups that react with
various pollutants and can become carriers to transfer
them. Thus DOM plays an important role in bioavailability
and distribution of pollutants in natural water bodies [5, 6].
DOM in aquatic systems is a complex mixture with
various sources that control the environmental behavior of
many chemical species, pollutants, and their biogeochemical cycles in aquatic environments [7-10]. The DOM reactive components of enzymes or hydroxyl, carbonyl, carboxyl, ester and amine groups [11] affect migration and
transformation of other kinds of pollutants, such as heavy
metal [12, 13], polycyclic aromatic hydrocarbons [14, 15],
and pesticides [16], among others. The distribution of
DOM is affected by human activities and hydrophyte decomposition. Human activities contribute organic matter
through wastewater, fishery use, and tourism and so on. High
concentrations of pollutants can change the DOM structure
and constitution. DOM produced from hydrophytes occurs
from decomposition, and includes humin, humic substances,
protein and lignin.
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Various techniques and methods have been used to
characterize DOM. In this research, UV-Vis spectra, synchronous fluorescence spectroscopy, and excitation emission matrix (EEM) spectroscopy are used to characterize
the source and components of DOM in Lake Baiyangdian.
DOM components have strong reflection of UV-Vis spectra. The special wavelength indexes (e.g., SUVA, E2/E3,
A253/203) indicate the aromatic degree and humification degree of DOM samples. Recently the more advanced fluorescence spectroscopy has been used to characterize DOM.
Fluorescence spectroscopy monitoring is attractive as it is
a rapid, quantitative, and reagent-less technique that requires no sample preparation prior to analysis [17, 18]. Fluorescence spectroscopy can detect fluorophore species in
DOM [19, 20]. Synchronous fluorescence spectra represent all components in DOM samples, and fix the excitation wavelength and record emission wavelengths continuously with a constant ∆λ [21]. EEM provides more information on DOM samples than synchronous fluorescence
spectra. The excitation wavelength and emission wavelength are changed simultaneously to show the fluorescence intensities of various components [22].
The objective of this work is to (a) use spectra technologies to characterize the origins of and variations in the
DOM components from sediments of different areas in
Lake Baiyangdian and (b) to analyze the impact of human
activities on Lake Baiyangdian. These data can complement previous research and improve our understanding of
the distribution of DOM in Lake Baiyangdian.

temperature. Then the samples were centrifuged for 10 min
at 7000 rpm and filtered through 0.45 μm membrane [23,
24]. The filtrate was stored for further analysis in brown
bottles at 4 °C.

FIGURE 1 - Map of Lake Baiyangdian showing the position of the 5
sampling sites.
2.2. Measurement of dissolved organic carbon and UV-Vis
spectra

2. MATERIALS AND METHODS
2.1. Sample collection and pretreatment

Samples were obtained from Lake Baiyangdian in
January 2012. Using a home-made cylinder sampler. The
sampler was 100 cm height and with a diameter of 80 cm,
and had a plate at the bottom of the sampler to pull sludge
out of the water. The sampler was put into the sediment and
then pulled out covered with sludge and plants. Many submerged plants, including stonewort, hornwort, Potamogeton malaianus and Potamogeton pectinatus, and two
types of floating-leaved plants, Trapa bicornis and Lotus,
were found in these sampling sites. Upper (0-5 cm) and
lower (5-10 cm) sediment samples were collected from five
sites, and every sample was fully mixed. To explore the
influence of human activities, the five sites were locked in
different functional regions. The outlet area of Lake Baiyangdian was site 1, and the aquatic nature reserve was site 2.
Site 3 was in the middle of the lake, site 4 was near the
aquaculture area, and site 5 around the Fuhe river estuary
(FIGURE 1). The DOM sediment samples were sent back
to the lab in coolers kept at 4 °C. U1-U5 and L1-L5 represent the upper and lower samples from sites 1 to 5 respectively. DOM samples were put into lyophilizer for 48 h, followed by milling into powder and sieving using 100 mesh
sieves. 40 g of each sample and 200 ml deionized water
were mixed in brown bottles and shaken for 24 h at room

The concentrations of dissolved organic carbon (DOC)
in samples were measured with a Shimadzu TOC-V total organic carbon analyzer. UV-Vis absorption spectra were
measured using Shimadzu model UV-1700 PC spectrophotometer in a 1 cm quartz cuvette at room temperature (2025 °C) and the wavelength ranged from 200 nm to 700 nm
continuously. The special UV-Vis absorption (SUVA254)
value was calculated from the UV absorbance at 254 nm and
DOC concentration. In addition, A253/203, E2/E3, E4/E6, and
A240-400 were calculated as parameters to describe the components of DOM.
2.3. Fluorescence spectroscopy

The EEM were obtained using Hitachi F-4600 spectrofluorometer with the excitation range set from 200 to
450 nm in 5 nm increments and the emission range set from
280 to 550 nm in 5 nm increments. The scan speed was set
at 2400 nm min-1 and the response time was 8 s. The synchronous fluorescence spectroscopy was obtained in a
range from 250 nm to 600 nm with constant offsets (∆λ=
30 nm) and a scan speed of 240 nm s-1 [25].
2.4. Multivariate statistical analysis

All samples were used to perform correlation analyses
and hierarchical cluster analysis (HCA) with SPSS version
17.0. HCA was performed on all data obtained from spectra, using average linkages between groups.
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3. RESULTS AND DISCUSSION
3.1. Characterizing DOM with UV-Vis spectroscopy

UV-Vis spectroscopy intensity of all samples decreased as the wavelength increased, with a shoulder around
280nm, as previous research has observed [26, 27]. FIGURE
2 shows the UV-Vis absorption spectra variation trends for
each upper sample (0-5 cm). The absorbance intensities of
U1 U2, U3, U5 and U4 were decreased gradually.
TABLE 1 shows the parameters obtained from UVVis spectra that were used in detailed physicochemical
characterizations of DOM. The parameter SUVA254 has
been widely used as an index for detecting the existence of
unsaturated carbon bonds, including aromatic compounds,
which are generally slow to biodegradation [28, 29].
Higher SUVA254 values indicate the organic matter has
more unsaturated carbon bonds and higher apparent molecular weights [30]. The SUVA254 values range from 1.51 to
4.03 in the five upper samples and from 2.30 to 12.08 in
the five lower samples. U1 had the highest value and followed by U2, and U4 had the lowest value and followed by

U5, which indicated that U1 and U2 had more unsaturated
carbon bonds than U4 and U5. Site 1 was at the lake outlet
area where macrophytes had little impact on molecular
structure changes. Site 5 was affected by contributions
from upstream, including industrial wastewater, agricultural pesticides and domestic wastewater, which brought
more pollutants into this region. Such pollutants might be
the main cause of molecular structure variations in Lake
Baiyangdian. Moreover, the SUVA254 value was higher in
the lower samples than in the upper samples, indicating that
the apparent molecular weights and aromatic degree of the
lower samples were higher than the upper samples. The
lower samples did not undergo exchange with new substances, which led to decomposition of the low molecular
weight substances over the long-range time of material accumulation. Microorganisms were active at the watersludge surface, but the higher aromatic degree and larger
molecular weights substances could not be used by microorganism. The analysis results indicate that the molecular
weight and humification degree were higher in the lower
samples.

FIGURE 2 - UV-Vis absorption spectra of the five upper (0-5cm) samples.

TABLE 1 - The UV-Vis spectra parameters of the samples.

sample
U1
U2
U3
U4
U5
L1
L2
L3
L4
L5

SUVA254
4.03
3.59
2.80
1.51
1.69
4.13
7.76
12.08
10.45
2.30

E2/E3
6.56
4.35
4.96
10.23
10.55
5.67
5.95
5.44
15.88
19.31

A240-400
39.00
34.09
28.29
15.43
19.65
6.17
17.01
14.25
27.09
15.93
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E4/E6
1.85
1.54
1.44
1.17
1.26
1.49
1.95
1.64
1.36
1.18

A253/203
0.27
0.25
0.24
0.20
0.20
0.25
0.28
0.26
0.22
0.21
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The E2/E3 ratio was used to characterize the source of
the samples. All of the E2/E3 ratios were over 3.5, indicating the main components in the samples originated from
fulvic acids [31]. The E4/E6 ratios decrease gradually from
U1, to U2, U3, U5, and U4, and the upper sample values
were lower than lower samples’. This suggests that the
lower samples had a higher humification degree than the
upper samples [32]. The humification degree variation
rules had the similar result like SUVA254.
The UV-Vis absorbance spectra between 200 nm and
400 nm are called the electron transfer band. Previous research divided this area into two parts [33], one from 200
to 230 nm called the benzenoid (Bz) band, and another
from 240 to 400 nm named as electrontransfer (ET) band
[34]. The ET band is largely affected by the presence of
polar functional groups, such as hydroxyl, carbonyl, carboxyl, and ester groups, which increases the intensity of the
ET band. However, non-polar aliphatic groups did not increase the intensity of the ET band [27, 35]. From TABLE
1, it can be seen that U1, U2, U3, U5 and U4 had A240-400
values from high to low, of 39.00, 34.09, 28.29, 19.65, and
15.43, respectively. The variations suggest that samples U1
and U2 contained more polar functional groups and U3,
U4, and U5 contained fewer polar functional groups but
might have some non-polar aliphatic groups.
The parameter A253/203 was used to evaluate the molecular substituent degree [36]. Sample U1 had the highest
value and U4 and U5 had the lowest values. These results
suggested that the U1, U2, and U3 contained fewer aliphatic chains as substituents of the aromatic ring and more
functional groups, like hydroxyl, carboxyl, lipid, and carbonyl; meanwhile, U5 and U4 contained fewer functional
groups and more aliphatic chains. The values from the
lower samples were higher than those of the upper samples,
which indicated that the lower samples had more complicated molecular structures. These results coordinated with

the SUVA254, E2/E3 and E4/E6 results. The study illustrated
that DOM structures have higher aromatic degrees in the
cleaner water regions and the structural complexity decreases in the pollution-receiving regions, also the humification increases from the surface to the lower samples.
These results were similar to those in prior research [34].
3.2. DOM fluorescence characterization

The DOC concentrations should be adjusted near
10 mg/L before fluorescence spectra investigation, and
the DOC concentration of all samples were listed in TABLE 2. Synchronous fluorescence spectroscopy yielded
clear and unique spectra curves, which provided more information on fluorophores present in DOM. The proteinlike region (PLR) was identified as the integral area from
250 nm to 308 nm, indicating proteinaceous materials and
monoaromatic compounds [37]. The fulvic-like region
(FLR) was calculated as the integral area from 208 nm to
363 nm, indicating the presence of polycyclic aromatics
with three to four fused benzene rings and two to three conjugated systems in unsaturated aliphatic structures [37, 38].
The integral area from 363 nm to 595 nm is called as humic-like region (HLR), indicating humic substances.
PLR%, FLR% and HLR% correspond to the fluorescence intensity percentage of each part and can be seen in
FIGURE 3. From TABLE 3, it can be seen that all the samples
TABLE 2 - DOC concentration of all samples after adjustment

Sample
U1
U2
U3
U4
U5

DOC concentration
10.90 mg/L
13.47 mg/L
9.46 mg/L
8.92 mg/L
7.07 mg/L

Sample
L1
L2
L3
L4
L5

FIGURE 3 - Synchronous spectroscopy (∆λ=30nm) of the 5 sites’ upper (0-5 cm) samples.
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DOC concentration
9.85 mg/L
10.22 mg/L
11.43 mg/L
12.14 mg/L
9.97 mg/L
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TABLE 3 - Synchronous spectroscopy parameters of the samples.

sample
U1
U2
U3
U4
U5
L1
L2
L3
L4
L5

PLR%
69.74
64.98
61.89
75.35
68.99
69.47
67.81
59.35
70.70
71.56

FLR%
16.81
16.64
19.25
13.39
17.56
16.31
17.02
21.88
15.92
15.31

HLR%
13.44
18.38
18.86
11.27
13.44
14.22
15.17
18.77
13.38
13.13

showed similar trend, protein-like substances dominated,
followed by fulvic-like substances. Nearly three-quarters
were protein-like substances in U4, indicating the sample
contained more protein-like substances and monoaromatic
compounds than U3. Sample U3 had the highest FLR%,
and the benzene ring content might be higher in that sample. Site 4 was located in the aquaculture area, where the
water contained more food, excrement, and urine from
aquatic that consisted of proteins and amino acids [39]. Site
3 was in the middle of the lake, where the protein-like substances were mostly decomposed and fresh DOM was
scarce.
Prior research proposed that the fluorescence signals at
short wavelengths are linked to simple molecular structures
and lower aromatic degrees, whereas long wavelengths are
associated with complex molecular structures and high aromatic degrees [40]. From FIGURE 3, three peaks can be
identified. According to prior research [37], the first peak
that ranges from 275.8 to 279.6 is the protein-like peak.
The second and third peaks at 325 nm and 360 nm are both
fulvic-like peaks [37, 38]. Hence, the parameters of I325/275
and I360/275 were proposed to indicate the molecular structure. U1 had the highest and U4 had the lowest values for
both I325/275 and I360/275. These results were in accordance
with those of the UV-Vis spectra analysis.
The EEM spectra combined excitation wavelength
with emission wavelength into one picture. The EEM spectra revealed a total of four distinct fluorophores present as
peaks or shoulders [41, 42]. These four peaks divided the
EEM spectra into four regions, and each region represented
one kind of peak. The upper samples peak A position was
near Ex/Em= 240-270/370-440 nm, which was related to
fulvic-like substances. Peak T2 and peak T1 were characterized by Ex/Em= 225-230/330-350 nm and Ex/Em= 270280/330-350 nm respectively, and indicated protein-like
substances, and both of them could be classified further as
a tryptophan-like peak. Peak C was at Ex/Em= 310-360/370450 nm and represented the visual fulvic-like substances.
By researching the EEM spectra for U1 to U5, it was found
that peak A, peak T2, and peak T1 existed in all samples,
but peak C was found in samples U2, and was not obvious
in samples U1 and U3 (FIGURE 5 (C)). The intensity of
peak C was lower than that of other peaks (FIGURE 5 (A)).
The fluorescence intensity of peak T1 was higher than that

I360/275
0.2193
0.1757
0.1516
0.1139
0.1408
0.1284
0.1424
0.1245
0.1277
0.1383

I325/275
0.8437
0.7669
0.7228
0.6524
0.7694
0.7394
0.7516
0.6405
0.6962
0.7081

of other three peaks, especially in samples U4 and U5. Site
4 and site 5 were located in the aquaculture area and river
estuary, respectively. Organic pollutants were brought from
upstream, especially by domestic wastewater at site 5, which
contained a lot of microorganisms and protein, providing a
suitable environment for tryptophan-like products that contributed to peak T1 [34]. The food used and the excrement
and urine produced during aquaculture contributed to the
increase in peak T1 at site 4, and macrophyte decomposition dominated as the source of protein-like substances at
site 3. This research suggested that pollutants from upstream, aquaculture activities, and macrophyte decomposition were the main protein sources in Lake Baiyangdian.
The lower samples had a totally different peak distribution in comparison with to the upper samples. The lower
samples’ peaks A1 and A2 represented the UV fulvic-like
substances, peak C was the visual fulvic-like substances,
and peak T was the tryptophan-like peak that belonged to
protein-like substances. Peak A2 and peak C appeared in all
samples and peak A1 disappeared in samples L4. Peak T
was not seen in samples L1 and L3 (FIGURE 5 (D)). The
protein-like fluorescence intensity value was higher in L4
as it was in U4 for the upper samples. From the vertical
distribution, it can be seen that the proportion of proteinlike substances decreased and the fulvic-like substances increased. These results suggest that the humification degree
increased with depth.
All values of f450/500 were over 1.65 (TABLE 4), indicating the samples were from microbial sources [43]. Samples L1 to L5 had values that were generally lower than
those of U1 to U5, except L4 (1.74) and U4 (1.68). The
results indicated that the upper samples exchanged DOM
more frequently than the lower samples. The parameter of
BIX reflects the humification degree of the samples and reflects the contribution from microorganisms to DOM. The
BIX value was obtained to fix the excitation wavelength at
310 nm, and calculate the ratio of the special emission
wavelength at 350 nm and 430 nm. Sample U4 had the
highest BIX value and U3 had the lowest value. Site 4 is in
the aquaculture area where there are more fish, shrimp, and
other kinds of artificially bred aquatic animals and microorganisms, which produce more DOM. Site 3 is in the middle of Lake Baiyangdian, where there was little turbulence
water movement. At most sites, the lower samples con-
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FIGURE 4 - EEM spectra of samples.
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FIGURE 5 - (A) The distribution of 4 fluorescence intensities in the 5 upper sediment samples.
(B) The fluorescence intensities of 4 peaks in the 5 upper sediment samples.
(C) The distribution of 4 fluorescence intensities in the 5 lower sediment samples.
(D) The fluorescence intensities of 4 peaks in the 5 lower sediment samples.

TABLE 4 - The EEM spectra parameters of the samples.

sample
U1
U2
U3
U4
U5

BIX
1.07
1.02
0.97
1.20
1.10

f450/500
1.84
1.83
1.79
1.68
1.78

sample
L1
L2
L3
L4
L5

tained more microorganisms than the upper samples, and
the BIX value was higher in the lower samples except at
site 5. For site 5 near the river estuary, the river flow
brought more microorganisms, leading to higher BIX values in the upper samples.
3.3. Comparison of various parameters to assess the DOM
samples

Linear regression analysis was used to identify the relationships among the different parameters. A253/203 indicated the species of molecular substituents. FIGURE 6 (A)
shows that A253/203 had significant positive correlations
with E4/E6 (R2 =0.92, P = 1.16*10 -5 < 0.05), indicating the
relationship between substituent group and humification
degree. f450/500 was used to evaluate the source of DOM
samples, with high values indicating simple molecules
(mainly derived from fulvic acids), and low values indicating large aromatic compounds (predominantly terrestrial
sources). These results suggested that f450/500 could reflect
the humification degree based on fulvic acid [44]. There-

BIX
1.08
1.08
1.04
1.05
1.02

f450/500
1.80
1.83
1.78
1.74
1.66

fore the f450/500 values correlated positively with the A253/203
values ((R2 = 0.575, P = 0.013 < 0.05) (FIGURE 6 (D)).
I360/275 and I325/275 had significant positive correlations at R2
= 0.731 and P = 0.0016 < 0.05 (FIGURE 6 (B)), which
could reflect the presence of aromatic molecular structures.
The higher the aromatic degree of the DOM samples, the
more complex the molecular structure was, and the more
stable the molecules were. In this study, the I360/275 and
I325/275 values did not have significant correlations with the
UV-Vis parameters. The BIX values had negative correlations with the HLR% (R2 = 0.521; P = 0.018 < 0.05) (FIGURE 6 (C)), suggesting that the higher humification degree
region had lower BIX values and microorganisms produced little fresh DOM; moreover, the DOM samples had
lower humification degrees in the region that was receiving
more pollutants. The PLR% values had existed the significant negative correlations with the humic-like indexes of
FLR% (R2 = 0.879; P = 6.13*10 -5 < 0.05) and HLR% (R2
= 0.914, P = 1.57*10 -5 < 0.05). All the parameters indicated the same tendencies for aromatic content and humi-
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FIGURE 6 - The correlation of A253/203 with E4/E6 (A), I325/275 with I360/275 (B), HLR% with BIX (C), and f450/500 with A253/203 (D).

FIGURE 7 - Hierarchical cluster analyses of the spectroscopic parameters of DOM sediment samples.

fication degree. The sediments at site 2 and site 3 were not
subject to turbulence and macrophytes grew well in these
areas, which caused samples U2 and U3 to have higher humification degrees
3.4. Hierarchical cluster analysis (HCA)

HCA was performed based on the parameters of
SUVA254, A240-400, E2/E3, E4/E6, A253/203, PLR%, FLR%,

HLR%, I360/275, I325/275, BIX and f450/500. Results are shown
in FIGURE 7. The HCA presents the humification degree
intuitively. In general, the lower the rescaled distances between the samples, the more similar their humification degrees were [45, 46]. Three clusters were clearly identified.
The first cluster was U1 and L1, and the other similar sample to cluster 1 was L2, which indicated that these samples
had similar humification degrees. The second cluster was
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U2 and U3, and L3 was similar to cluster 2. The humification degrees of all samples in sites 4 and 5 were only
slightly different and we classified these in the third cluster. The HCA results suggested that different regions had
different humification degrees, verifying the spectra conclusions.

[4]

Zhao, Y., Xia, X.H., Yang, Z.F. and Wang, F. (2012) Assessment
of water quality in Baiyangdian Lake using multivariate statistical
techniques. Procedia Environmental Sciences Vol.13, 1213 –
1226.

[5]

Wang, Y., Zhang, D., Shen, Z.Y., Chen, J. and Feng, C.H. (2014)
Characterization and spatial distribution variability of chromophoric dissolved organic matter (CDOM) in the Yangtze Estuary.
Chemosphere Vol.95, 353 - 362.

[6]

Hur, J., Lee, B.M. and Shin, H.S. (2011) Microbial degradation of
dissolved organic matter (DOM) and its influence on phenanthrene–DOM interactions. Chemosphere Vol.85, 1360 - 1367.

[7]

Zhou, Z.Z., Guo, L.D., Shiller, A.M., Lohrenz, S.E., Asper, V.L.,
and Osburn, C.l. (2013) Characterization of oil components from
the Deepwater Horizon oil spill in the Gulf of Mexico using fluorescence EEM and PARAFAC techniques. Marine Chemistry
Vol.148, 10 - 21.

[8]

Stolpe, B., Guo, L., Shiller, A.M., Hassellöv, M. (2010) Size and
composition of colloidal organic matter and trace elements in the
Mississippi River, Pearl River and the northern Gulf of Mexico, as
characterized by flow field-flow fractionation. Marine Chemistry
Vol.118, 119 - 128.

[9]

Hedges, J.I. (2002) Why dissolved organic matter? In: Hansell,
D.A., Carlson, C.A. (Eds.) Biogeochemistry of Marine Dissolved
Organic Matter. Academic Press, San Diego, London, UK, 1 – 33.

4. CONCLUSION
DOM samples extracted from sediments in Lake Baiyangdian were characterized by UV-Vis, synchronous fluorescence, and EEM spectra. The UV-Vis spectra indicated
the aromatic degree of U1, U2, U3, U5 and U4 were decreased gradually. Two fulvic-like peaks, one tryptophanlike peak and one protein-like peak were detected from
synchronous fluorescence spectroscopy, and EEM spectra
investigated the horizontal and vertical in fluorescence intensities and showed that the humification degree increased
from the surface to the lower samples. Parameters calculated from spectra technologies were used in correlation
analyses, and the results indicated high correlations among
the parameters. HCA suggested that site 5 and site 4 had
similar humification degrees, and site 2 and site 3 had the
similar humification degrees either, the differences in which
were caused by human activities. The research describes variations in the DOM components from different functional regions in Lake Baiyangdian that are caused by human activities, such as upstream discharge and aquaculture.

[10] Guo, L., Hunt, B.J., Santschi, P.H. and Ray, S.M. (2001) Effect of
dissolved organic matter on the metal uptake by American oysters.
Environmental Science & Technology Vol.35, 885 - 893.
[11] Smith, D.S., Bell, R.A. and Kramer, J.R. (2002) Metal speciation
in natural waters with emphasis on reduced sulfur groups as strong
metal binding sites. Comparative Biochemistry and Physiology
Vol.133, 65 - 74.
[12] Liu, C.C. and Lin, Y.C. (2013) Reclamation of copper-contaminated soil using EDTA or citric acid coupled with dissolved organic matter solution extracted from distillery sludge. Environmental Pollution Vol.178, 97 - 101.
[13] Haitzer, H., Aiken, G.R., and Ryan, J.N. (2002) Binding of mercury(II) to dissolved organic matter: the role of the mercury-toDOM concentration ratio. Environmental Science & Technology
Vol.36, 3564 - 3570.
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