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ABSTRACT

1. INTRODUCTION

Walnut shell, as an agricultural by-product, was processed and optimized to develop high surface area activated
carbons by chemical activation, using KOH to obtain high
efficient adsorptive properties for VOCs.
Surface and textural characterizations of activated carbon were respectively investigated by BET technique at a
low temperature (77°K) of nitrogen and Scanning Electron Microscopy (SEM).
Activated carbon prepared from walnut shell with an
activation ratio of 1.7 and at a temperature of 700°C gave
the highest BET surface area (737 m2/g) and adsorptive
values of 43.40±2.62, 57.60±4.51, 64.80±3.98, 64.70±2.16,
and 64.95±2.25 mg BTXs/g activated carbon for benzene,
toluene, o-xylene, m-xylene, and p-xylene respectively.
The granular form of prepared activated carbon having maximum adsorption value was employed in organic
vapor respirator cartridges for respiratory protection. Breakthrough time of 85 minutes was measured based on the
EN 14387:2004 conditions for respiratory protection.
This study showed that activated carbon adsorbents
made from walnut shell can be produced at optimized
conditions and successfully employed for the removal of
VOCs from air in respirator cartridges.

Volatile organic compounds (VOCs) are a class of
chemical pollutants in the environment, causing severe
health problem. Some of the VOCs like Benzene, Toluene, Xylenes (BTXs) are even known or suspected as carcinogens and need some effective control strategies to be
developed [1, 2].
Adsorption of contaminants on sorbents is one of the
most important methods for controlling VOCs exposure.
Activated carbon (AC) is the most versatile and frequently
used sorbent in the form of fixed bed for environmental
control because of its large internal surface area and pore
volume as well as its ability to absorb organic vapors at
low cost. These characteristics have made it as one of the
most practical adsorbents [3, 4]. Also, activated carbon is
used with air-purifying respirators to remove toxic gases
and vapours from inspired air as a personal protective
device. These cartridges and canisters contain activated
carbon granules in a packed bed which adsorb organic
vapours from air when they pass through the sorbents [5].
The typical organic vapor half-mask respirator cartridge is
a plastic or metal case which contains 25-40 g of activated
carbon, which, sometimes is impregnated with metallic
salt to enhance its acid gas adsorption characteristics.

KEYWORDS: Organic vapour, Respirator, Cartridge, Walnut
shell, Activated carbon

Adsorption of toxic substances in a respirator depends
on the nature of activated carbon, including the porousity,
chemical structure of the carbon surface, the nature of the
impregnate, and the method of impregnation [6].

* Corresponding author

Modification and impregnation techniques of AC can
be used for increasing the surface adsorption, removal capacity , and the improvement of the selectivity to organic
compounds [7].
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Basically, there are two different processes for the
preparation of activated carbons: the so-called physical
and chemical activations [8, 9].
Chemical activation only involves a single step in the
heating process (carbonization process) to activate the
carbon. This process needs chemical activating agents such
as ZnCl2, KOH, H3PO4 or H2SO4 to enhance the carbon
yield and produce micropores on the surface of the carbon. These agents will increase the surface area and reduce the ash content of the final carbonized products. As
a result of the pyrolysis process, much richer carbon content material as well as much more ordered structure is
produced. After the heat treatment, once the chemical agent
is eliminated, the porosity will be developed. Physical activation involve oxidizing the raw material at high temperatures in the presence of an oxidizing agent, usually, water
steam. As this is an endothermic reaction, a constant
800°C temperature must be maintained. This process needs
two steps of heating to be performed and does not involve
any chemical treatment. However, the surface properties
and pore characteristics must be enhanced by the carbonization process [10-13].
Major advantages of the chemical activation compared to physical activation are lower treatment temperatures, as well as shorter treatment times. In addition, activated carbon obtained by the chemical activation exhibits
a larger surface area and a better meso porosity than the
physical activation [8, 9].
Usually, all carbons used in the respiratory protective
devices originates from coconut shell or petroleum-based
materials, because they exhibit a highly developed microporous surface required for maximum adsorption [14].
Iran is the third largest producer of walnuts in the
world, producing 10% of the of walnuts on the market
[15], so, walnut shell can be used as an alternative source
for production of activated carbon.
The scope of the present study was to prepare activated carbon from walnut shell through chemical activation
at optimized weight ratios and temperatures for adsorption
of VOCs and test the effectiveness of the prepared activated carbon in granular form in the respirator cartridges for
respiratory protection in relevant occupational processes.

2. MATERIALS AND METHODS
2.1. Activated carbon preparation

Walnut shell was used as the carbonaceous source material to prepare of activated carbon. Potassium hydroxide
was used as the activating agent, because it is considered as
the most effective compound in the production of activated carbons [9, 12, 16].
Walnut shells with an initial particle size of 0.21–
0.35 mm were crushed, milled, and screen-sieved. Then,
they were mixed with potassium hydroxide in different
weight ratios (activation agent/walnut shell) and were
heated up to different temperatures (see Table 1). This was
followed by allowing the walnut shells to soak the potassium hydroxide, heating for 2 hours, and drying in an oven
at 150°C. Each impregnated sample was carbonized in a
quartz tubular reactor, vented to the atmosphere, and
heated in an electrical furnace. The samples were then
heated up to the activation temperature under N2 flow at a
specified heating rate and held for a specified period of
time at the activation temperature.
After activation, the samples were cooled down under
N2 flow and washed out twice with a 0.5 N hydrochloric
acid and, finally, rinsed sequentially with cold distilled
water to remove the residual chemical substances. The
washed samples were then dried at 110°C in an oven [17].
Activation conditions (weight ratios and activation temperatures) were chosen based on available literature [7, 18].
2.2. Characterization of activated carbon sample

Samples were subsequently degassed at 150 °C for 8
hours. Barrett-Joyner-Halenda (BJH) pore size distribution and BET specific surface area of the adsorbents obtained were determined by nitrogen adsorption isotherm
at 77°K, using a Micromeritics ASAP 2010 instrument.
The surface of the samples were observed using a
scanning electron microscope (SEM, Cambridge S-360
operated at 16 kV and 2.5 A).
2.3. Volatile Organic Compounds (VOCs) adsorption

1000 ppm of BTXs, as representative VOCs was used,
to determine the adsorption value of the powdered form of
the prepared adsorbents, as this is a typical maximum use
concentration (MUC) of organic vapour in respirator cartridges [19].

TABLE 1 - BET surface area, pore properties and adsorption value of samples at different activation conditions

Sample
K1-450
K1-700
K17-450
K17-700
K2-450
K2-700

R
Activation
(weight
Temp. °C
ratio)
1
1
1.7
1.7
2
2

450
700
450
700
450
700

BET
surface
area
(m2/g )
478
502
498
737
650
723

Pore
volume
(cm3/g)
0.26
0.316
0.330
0.404
0.317
0.347

Average
pore
diameter
(Å)
21.9
24.9
26.5
21.95
19.5
18.8
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Adsorption value (mg/g) [M± SD]
Benzene
28.81±3.81
30.11±2.07
35.90±4.27
43.40±2.62
36.80±2.05
40.11±2.91

Toluene

o-xylene

35.11±2.57
39.15±3.56
43.40±3.06
57.60±4.51
44.60±2.94
51.60±4.35

39.81±2.37
40.25±2.15
48.80±2.41
64.80±3.98
49.40±2.37
59.80±3.93

m-xylene

p-xylene

39.89±3.58
42.11±2.18
37.90±3.42
64.70±2.16
48.70±3.74
58.70±3.56

40.11±2.04
41.72±2.05
46.80±2.74
64.95±2.25
47.90±2.89
60.95±4.60
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Figure 1 shows the experimental set up for the adsorption experiments. Model air samples were generated
by injection of 84 microlitres of a BTX mixture (using a
100µl syringe) into a 5-liter Tedlar-bag previously filled
with hydrocarbon-free air under ambient pressure. The
injection valve was immediately closed and the bag heated
in an oven at 80°C for 1 hour. Adsorption studies were
conducted using the following method [20].
Sample
air bag

Glass wool and
propylene filter

Prepared
adsorbents

10mm). Silane-treated glass wool and propylene filters
were used at both ends of the column to hold the adsorbents in place. The final mass of adsorbent in each column was approximately 80 mg. The inlet end of the adsorbent-column was connected to the sample bag. The
other end was connected to the charcoal sorbent tube
(Anasorb CSC, SKC) to trap any adsorbate not retained
by the adsorbents in the column.
An SKC low flow pump connected at the end of the
tube provided an. adjustable flow rate through the system.
To measure the amounts of BTXs trapped by the charcoal, they were extracted using carbon disulfide (CS2) and
analyzed using a Shimadzu gas chromatography system.
The BTXs adsorbed on the adsorbents were estimated by
subtracting of the BTXs retained on the charcoal from the
initial quantities injected into the sample bag. Each adsorption experiment was conducted in triplicate for each
sample.
2.4. Granular activated carbon

Sorbent Tube
Charcoal

Low flow
sampling pump

FIGURE 1 - Schematic experimental set up for adsorption experiments

Prior to the experiment, the adsorbent samples were
degassed at 200°C for 8 hours to remove moisture or gases
trapped in the samples. Then they were homogenously
packed into a 9-cm length glass column (internal diameter

Because of the difficulties in handling, the pressure
drop, and the powdered form of the adsorbent obtained, it
was not appropriate for use in respirator cartridges. In
order to convert it into a granular form, the adsorbent was
mixed with a suitable carbonaceous binder (just enough to
allow kneading and homogeneous mixing) and manually
extruded. The granular adsorbent was then carbonized in
an oven at 800°C overnight and, finally, activated with CO2
for 8 hours.
Forty grams of prepared granular adsorbent with an
average granule size of 0.11 cm and a packing density of
0.43 g/cm3 were used to prepare the material suitable for
the respirator cartridge with a bed depth and a diameter of
3 and 7.4 cm, respectively.

FIGURE 2 - A schematic diagram of the apparatus for measuring the breakthrough times of respirator cartridge
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2.5. Cartridge breakthrough time testing

For measuring the breakthrough time of the respirator
cartridges, they were exposed to cyclohexane (as a representative organic vapour) according to the EN 14387:2004
standard [21], with the aid of the apparatus illustrated in
Figure 2.
The main part of this apparatus was the mixing chamber, made of PTFE, consisting of three parts. The first part
was equipped with temperature and relative humidity sensors (TC4Y-14R, Autonics, Korea); the second part
accommodated a heating plate (item 6) to vaporize the
solvent as it entered from the syringe pump (model HX901A, item 3). After humidification, the air (item 2) passed
through the first part to the second, mixed with vaporized
solvent and, then, entered the third part (item 5, the main
part of mixing chamber).
These parts were clamped together with an o-ring to
provide a leak-proof fit, and two one-way valves (items 7)
between the parts prevented back pressure inside the chamber.
Inlet air was provided by an air compressor, filtered
for organics and particulates, and was passed through a
humidifier to control and maintain a constant humidity in
the mixing chamber. The air temperature and relative humidity were adjusted at 25±2.5°C and 70±2.5%, respectively.
The mixing chamber output was directed into the cartridge holder where the adsorbent test material was placed.
At the start of the run, the mixing chamber output was
bypassed to a vent (item 13). After adjusting both the
temperature and humidity at a steady state concentration,

based on the desired values, (which normally took 30 min.),
the bypass valve was shut, the air stream was allowed into
the main line, and the test was started.
The concentration of cyclohexane vapour was regulated in the range of 1000±10 ppm by controlling the
injection rate of the syringe pump.
The vapour concentration of cyclohexane was measured both upstream and downstream of the cartridge, using
a gas analyzer equipped with a Photo Ionization Detector
(Ion Sciences Co., UK).
The interval between the start of the test flow and the time
when the vapour concentration downstream of the resrespirator cartridge reached a value of 10±2ppm was
recorded as the breakthrough time.
3. RESULTS AND DISCUSSION
3.1. Characterization of Activated Carbon

The adsorption/desorption isotherms for nitrogen of
the prepared samples are shown in Figure 3. As it can be
seen, the greater the surface area of the sample, the higher
the quantity of the nitrogen absorbed.
Table 1 presents the surface areas and pore structures,
as well as the adsorption values of the carbon samples
activated by KOH. Table 1 shows that various degrees of
improvement of the surface area and pore volume may be
achieved to different extent after activation of the carbon.
Generally, the specific surface areas of activated carbon
are increased by chemical and physical activations.

FIGURE 3 - Nitrogen adsorption/desorption isotherms of prepared activated carbons
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FIGURE 4 - SEM micrographs of optimum sample of prepared activated carbon (K17-700)

Since the molecular size of all sorbates of this study
were smaller than 1 nm (0.58 to 0.68) [23], microporosity,
is an important parameter affecting their adsorption.
Therefore, higher adsorption of K17-700 in comparison
with other prepared samples could be attributed to its
higher micropore volume.
The most suitable conditions to prepare activated carbons were found to be a temperature of 700°C and impregnation with KOH at a weight ratio of 1.7, namely, as
K17-700, which gives the highest nitrogen adsorption, the
highest surface area of 737 m2/g, and a total pore volume
of 0.404 cm3/g.
Elemental analysis by energy dispersive X-ray analysis (EDS) showed 93% carbon in the optimum sample of
prepared activated carbon (K17-700). This high value of
the carbon element shows the good quality of carbonization process.
Figure 4 shows the SEM micrograph of the porous
structure of optimum sample of prepared activated carbon
(K17-700).
The absorption values of the various adsorbents prepared are illustrated in Table 1. It is seen that, adsorption
value increases remarkably with increasing the ratio of the
activation agent to walnut shell. This finding conform that
reported by Hu and Vansant [22] who also found the
weight ratio to be the most important parameter in producing activated carbon

Table 1 also shows that higher activation temperatures are more effective in development of larger surface
area with a higher pore volume and adsorption value.
Therefore, it can be inferred that an increase in the activation ratio and the activation temperature leads to an increase in the surface area and porosity of the activated
carbon obtained.
Further analysis of the data showed that the sample activated with KOH, with a weight ratio of 1.7 and at a temperature of 700 °C gave the highest adsorption value by
adsorbing 43.40±2.62, 57.60±4.51, 64.80±3.98, 64.70±2.16,
and 64.95±2.25 mg BTXs/g activated carbon for benzene,
toluene, o-xylene, m-xylene and p-xylene, respectively (Table 1). The high adsorptive value of this sample could be
associated with its high surface area and pore volume.
Therefore, this sample with a surface area of 737 m2/g and
a pore volume of 0.404 cm3/g was selected for preparing
the material for the test respirator cartridge in granular
form.
Table 2 shows the cyclohexane breakthrough time of
the cartridges prepared in different bed depths and adsorbent masses. As it can be seen, breakthrough time increased in a higher bed depth and adsorption mass. The
average breakthrough time of the cartridge with a bed depth
of 3cm (corresponding to an adsorbent mass of 40 gram)
was 85 minutes (Figure 5). Therefore, this cartridge meet
the minimum breakthrough time of 70 min for respirator
cartridges as defined by the EN 14387:2004 Standard.

TABLE 2 - Cyclohexane breakthrough time of cartridges prepared from walnut shell based activated carbon in different bed depth and
adsorbent mass
Breakthrough time (min) [M±SD]
15 ±2.12
50 ±3.53
85 ±4.24

Adsorbent weight (g)
14
27
40

1512

Bed depth (cm)
1
2
3
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FIGURE 5 - Breakthrough time of cartridge prepared from walnut shell based activated carbon (K17-700)

4. CONCLUSION
Activated carbon was prepared through chemical activation of walnut shell with potassium hydroxide, tested
for VOCs adsorption, and successfully employed in respirator cartridges in a granular form. The cyclohexane breakthrough time of the cartridge prepared was higher than the
minimum breakthrough time allowed in respirator cartridges as defined by the EN 14387:2004 standard. Therefore,
this adsorbent is recommended as an alternative adsorbent
for the respirator cartridges in the future.
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PREDICTION OF DAILY STREAMFLOW
USING JORDAN-ELMAN NETWORKS
Abdurrahim Aydin* and Remzi Eker
Düzce University, Faculty of Forestry, Konuralp Campus 81620, Düzce-Turkey

ABSTRACT
The prediction of daily streamflow is required for future planning in water resource activities. This study presents the application of the Jordan-Elman network with
the Levenberg-Marquardt algorithm. Prediction was made
by using flow data of gauging station no. 2122 on Birs
River, Switzerland between 2000 and 2010. The data,
4018 days in total, were used as calibration and validation
sets for the chosen Jordan-Elman Neural Network architecture. Of the data obtained, 2922 days (1st January 2000
- 31st December 2007) were reserved for calibration, and
remaining data were used for validation. In total, six different models were developed, based on the prediction of
current flow from up to six-days-ahead flows. Mean square
error (MSE), Nash-Sutcliffe Sufficiency Score (NSSS) and
coefficient of correlation (R-value) were used as performance criteria. Model M6 (six-days- ahead flows) gave
the best results, with respect to all prediction performance
criteria.

KEYWORDS: Daily streamflow, Prediction, Jordan-Elman network, Levenberg-Marquardt algorithm

1. INTRODUCTION
Because it is affected by many variables [1] and largescale atmospheric oscillation [2], the prediction of streamflow is very important in short-term water management, for
flood control purposes, in prediction of sediment amount,
and for irrigation, water supply, hydropower generation,
public safety, and environmental issues.
Artificial Neural Network (ANN) is an efficient tool
in hydrology and streamflow prediction when compared
with conventional modeling approaches because of its capability in modeling complicated non-linear systems. Even
ASCE Task Committee Reports have accepted ANNs as
an efficient forecasting and modeling tool of complex
hydrologic systems [3]. In the past two decades, numerous
studies have been conducted in ANN-based rainfall-runoff
* Corresponding author

modeling, such as short-term daily streamflow forecasting
[4-9], monthly streamflow forecasting [10-13], or real time
flood forecasting [14-16].
Although it is not fully understood how an ANN
works, the modeling results are quite satisfactory. Furthermore, there are advantages in employing an ANN in such
complex systems: i) it does not require a priori knowledge
of the underlying physical relationship, ii) relationships
between input parameters of the process need not be
known, and iii) the system is data-driven, not modeldriven as in conventional models[12].
Artificial Neural Networks (ANNs), which were
firstly developed in the 1950’s, enable computer systems
to extract and explore new information via training samples of interest. Although firstly developed in the 1950’s,
ANNs came into prominence in 1980’s as a result of developing computer technology. Most recently, they have been
focused on by researchers, and thus being adapted into
most science projects.
Basically, ANNs are simplified mathematical representations of biological neural networks. They consist of a
number of processing elements and associated interconnections in which the smallest unit includes different layers, an input layer, an output layer and, at least one hidden
layer. They have the ability to learn from examples, recognize a pattern in the given data, adapt solutions over time,
and process information rapidly. Neurons can receive information inputs either from other neurons or from external sources, such as bias factors. The ANN provides an
opportunity to make computation with a large amount of
data due to its parallel process mechanism [17].
This study aimed to forecast daily streamflow, using
ANNs and the flow data of streamflow monitoring station
no. 2122 on the Birs River in Switzerland, over a period
of 11 years (2000-2010). A Jordan-Elman type recurrent
neural network and the Levenberg-Marquardt (LM) algorithm were used for estimating daily streamflow.
2. MATERIALS AND METHODS
2.1 Jordan-Elman Networks

The Jordan and Elman Networks extend the multilayer
perceptron with context units of processing elements (PEs)
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FIGURE 1 - The Elman and Jordan model.

which remember the past inputs using a recency gradient.
This means that events that just happened are stronger
than the ones that have occurred further in the past [16].
The context units provide the network with the ability to
extract temporal information from the data. In the Elman
Network, the activity of the first hidden PEs is copied to
the context units. The other choice is to use the past of the
output layer to create the memory traces, as proposed by
Jordan (Fig. 1). Networks which feed the inputs and the
last hidden layer to the context units are also available.

criteria, such as mean square errors (MSE), the NachSutcliffe Sufficiency Score (NSSS), and correlation coefficient (R) which are defined as follows:
2

MSE =

T

H=J J

n

R=

and the gradient can be computed as follows:

g=J e

∑ (x

[

xk +1 = xk − J T J + µI

]

−1

JTe

(3)

The parameter µ is a scalar controlling behavior of the
algorithm. For µ=0, the algorithm follows Newton’s method, using the approximate Hessian matrix. When µ is high,
this becomes a gradient descent with a small step size.
2.3. Performance Criteria

The learning and generalization ability of the models
is evaluated by using the most important performance

i

− x )( y i − y )

i =1

n

∑ (x

(2)

where, J is the Jacobian matrix, that contains first derivatives of the network errors with respect to the weights
and biases, and e is the vector of network errors. The
Jacobian matrix determination is less computationally expensive than the Hessian matrix. Then, the LM algorithm
can be adjusted using a Newton-like update as follows:

(5)

where, n is the total number of observations; xp, x0 and
xm are the model predictions, observed data, and mean of
the observed data, respectively.
The coefficients of correlation (R) between two variables, x and y, whose n pairs are available, are calculated
as follows:

(1)

T

(4)
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⎡
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2.2. The Levenberg-Marquardt Algorithm

The Levenberg-Marquardt (LM) algorithm is an iterative algorithm that locates the minimum of multivariate
function, which is expressed as the sum of squares of nonlinear functions [18, 19]. The LM algorithm was designed
to approach second-order training speed without having to
compute the Hessian matrix [20]. Under the assumption
that the error function is some kind of squared sum, the
Hessian matrix can be approximated as follows:

1 n
∑ (x p − x0 )
n i =1

i =1

2

i

− x)

(6)

n

∑ (y

2

i

− y)

i =1

where, the bar denotes the mean variable.
2.4. Data and Model Application

Eleven years of flow data from station no. 2122 on
the Birs River (Fig. 2) covering the period from January
2000 - December 2010 were analyzed in order to predict
streamflow by using the Jordan-Elman Neural Networks
with the Levenberg-Marquardt algorithm. Flow data was
downloaded from www.hydrodaten.admin.ch/ of the FOEN
(Federal Office for the Environment) database. Figure 3
shows the daily streamflow data used in this study. The
drainage area and elevation of station no. 2122 are 183 km2
and 519 m, respectively.
The total data of 4018 days were used as training and
testing sets for the chosen Jordan-Elman Neural Networks
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FIGURE 2 - Location of flow station no. 2122 on the Birs River, Switzerland.

FIGURE 3 - Flow data of station no. 2122.

architecture. Among these, 2922 days (1st January 2000 31st December 2007) were reserved for the calibration/
training set, and the remaining data were arbitrarily used
for the validation/testing set.
Although the architecture of the Jordan-Elman networks
can have many layers, in this study, 3-layered networks
with one hidden layer were used. Many study results
also show that one hidden layer may be sufficient for
most prediction problems [5, 8, 21]. Thus, we used one
hidden layer in the present study.
The determination of the number of hidden nodes in
ANN is still a difficult task. Actually, there is no regular
procedure and theory yet to determine the optimum number of hidden units. In the present study, we used 3-layered
network with one hidden layer (Fig. 1). In defining the
number of hidden nodes, we used the common trial and
error method.

Before applying the models, the input and output data
were normalized in the range of 0.1-0.9 by using the following formula:

xi = 0.8

(x − xmin )
(xmax − xmin )

+ 0.1

(7)

where, xi is the normalized value of a certain parameter, x is the measured value for this parameter, xmin and
xmax are the minimum and maximum values in the database for this parameter, respectively.
In the present study, 6 different models were developed for the prediction of current flow (Qt). In the first
model, current flow (Qt) was estimated using one-daybefore flow (Qt-1). In the second model, current flow (Qt)
was estimated based on one-day (Qt-1) and two-daysbefore flows (Qt-2). The other models were structured
based on the same idea, and are shown in Table 1.
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TABLE 1 - Developed models and input variables.
Model Name
M1
M2
M3
M4
M5
M6

Inputs
Qt-1
Qt-1, Qt-2
Qt-1, Qt-2, Qt-3
Qt-1, Qt-2, Qt-3, Qt-4
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5, Qt-6

Output
Qt
Qt
Qt
Qt
Qt
Qt

3. RESULTS AND DISCUSSION
The calibration datasets of daily flows and values
were used to simulate daily flows in the validation period,
which was then compared with the observed ones. In total,
6 different models were developed to explore the effect of
variable inputs on model prediction performance. Threelayered network, including one hidden layer were used.
The number of nodes in the hidden layer was determined
based on the trial and error method. In the trials, the number of nodes in the hidden layer varied from 3-5. The configuration giving the maximum NSSS and R, and the minimum
MSE was selected for each combination. Table 2 shows the
number of nodes in the hidden layer for the relevant model,
and the NSSS, R and MSE for each combination.

After training, all of the model test performances were
checked. An NSSS coefficient value below 0.36 is considered as poor, while a value above 0.75 is good, and a
value between 0.36 and 0.75 is satisfactory [22, 23].
Furthermore, the R- value and MSE has been widely used
to evaluate the performance of such hydrologic models
[24, 25]. Models with high NSSS, high R and low MSE
values are accepted as the best ones. The M6 model shows
the best prediction performance. Furthermore, M3 and M5
also fall in the “good” category, whereas the M2, M4 and
M1 models fall in the “satisfactory” category, in view of
the NSSS performance criteria. The models’ performances for prediction flow discharges are shown in Figs.
4–9. The scatter
TABLE 2 - NSSS, MSE and R values for developed neural network
models.
Model
No
M1
M2
M3
M4
M5
M6

Nodes in
hidden layer
3
4
4
5
5
5

NSSS

MSE

R

0.640
0.724
0.793
0.687
0.755
0.812

1.59
1.13
0.93
1.39
1.12
0.83

0.840
0.886
0.908
0.860
0.889
0.918

FIGURE 4 - Plotting of one-day-ahead prediction performance for the validation period.

FIGURE 5 - Plotting of two-days-ahead prediction performance for the validation period.
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FIGURE 6 - Plotting of three-days-ahead prediction performance for the validation period.

FIGURE 7 - Plotting of four-days-ahead prediction performance for the validation period.

FIGURE 8 - Plotting of five-days-ahead prediction performance for the validation period.

FIGURE 9 - Plotting of six-days-ahead prediction performance for the validation period.

1519

© by PSP Volume 21 – No 6a. 2012

Fresenius Environmental Bulletin

FIGURE 10 - Scatter plots for observed and predicted data for the validation period (all models).

diagrams of all models are presented in Fig. 10. As seen in
Fig. 10, model M6 approximates the observed values better than the other ones.

variables 5 nodes in the hidden layer, showed the best
prediction performance of all the models.

The LM algorithm is the second-order gradient method
using the Hessian matrix for second derivatives. Thus, it
can be very efficient for non-linear problems [7]. In numerous studies, the superiority of the prediction performance of the LM algorithm is emphasized [7, 25-28]. In
this study also, the LM learning algorithm shows a good
prediction performance for some models.
4. CONCLUSION
In the present study, the aim was to establish a predictive model without using any restrictive assumptions, linearity, normality, homoscedasticity or stationary conditions.
A Jordan-Elman network and the Levenberg-Marquardt
algorithm were used for daily streamflow prediction by
using data from gauging station no. 2122 on the Birs River,
Switzerland. The data used in the Jordan-Elman network
were daily streamflow data of 11 years’ duration, from
2000 to 2010. In the model setup, 7 years’ data were used
for calibration and 4 years’ data were used for validation.
The model structure was developed to explore the effect of
the input variable on current streamflow prediction performance. Model 6 (M6), six-days-ahead flows, with input
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ABSTRACT
Dust samples were collected from 6 sites characterizing 4 different types of urban area, namely, Industrial (IA),
Residential (RA), Commercial with vehicular traffic (CTA),
along with a University campus (CA), in Guangzhou, China.
The particulate size characteristics and heavy metal concentrations (Cr, Cd, Cu, Mn, Ni, Pb and Zn) of the samples
were determined by Laser Particle Size Analysis and ICPAES, respectively. The enrichment factor (EF) was used to
evaluate the cumulative status of the pollutants among
different types of urban area, and possible sources of these
heavy metals were identified by principal component analysis (PCA) and correlation coefﬁcient analysis. The results
revealed that particle size distributions in dusts (foliar and
surface dust) among different urban areas were reasonably similar, and that the particle size distributions of foliar
dust and surface dust were mainly concentrated on 10 to
50 µm fractions (46 to 59.1%). However, the proportion
of PM2.5 and PM10 in foliar dust (22.35 and 26.12%) was
larger than that in surface dust (15.46 and 20.3%). The
concentration of heavy metals was significantly different
(P< 0.05) among the various urban areas, and, in particular,
the contaminations in the IA and CTA areas were relatively
serious. In general, Cr, Pb, Cd and Cu exhibited the highest
mean concentrations in foliar dust. For Mn and Zn, in 3 out
of the 4 urban type areas, the highest mean concentrations
were observed in the surface dust of buildings. Three
groups of metals can be identified using the EF; firstly,
Cd with very high EF values ranging from 47.75-84.28;
secondly, Mn, Cr and Ni for which the EF is generally <10;
and finally, Pb, Cu and Zn which are intermediate between
the two end members. Correlation coefficients have been
determined and revealed that the elemental pairs Cuf-Cus,
Mnf-Mns, Znf-Zns and Pbf-Pbs exhibited significant positive correlations. Regarding the correlation of metals within
* Corresponding author

the foliar and surface dust samples, for both types of dust,
Ni generally exhibited a negative association with other
metals. The EF, PCA and correlation coefficient analyses
were used to make inferences regarding metal sources. The
EF data suggest that Ni, and to a lesser extent, Cr, mainly
originated from local soil and were not greatly impacted
by human activities. For the other metals, enhancement in
the IA reflected the location of a steelworks and a shipyard
in the sampling areas. The analysis also suggests that vehicular traffic is an important source. However, other potential sources including building decay/ weathering, waste
burning and incineration, fossil fuel combustion etc exist
within Guangzhou. The foliar dust samples collected from
the trees attested to the ability of vegetation to improve air
quality whilst the presence of elevated concentrations of
dust in samples from building surfaces have implications
for urban environmental quality and its monitoring.

KEYWORDS: Foliar dust; surface dust; particulate size; heavy
metal; different urban areas; Guangzhou.

1. INTRODUCTION
Urbanization and industrialization in China have taken
place at an unprecedented pace in the last three decades, and
are projected to be continued over the next two decades. This
urbanization and industrialization has been accompanied
by environmental change including pollution [1]. Urban
environments have become important with regard to human health and wellbeing. In China, air pollution has become a topic of great debate because of both enhanced
anthropogenic activities and their impact upon health. Industry, housing, retailing and other economic and commercial activities are becoming more concentrated in urban
areas, and, consequently, air and water quality in such areas
is getting worse, particularly in the developing world [2].
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Urban atmospheric dust may adversely effect human’s health [3]. Airborne particles with a diameter less
than 10 µm (PM10) are highly hazardous since they easily
enter the respiratory system of humans damaging it. Epidemiologic studies [4] have shown that increased mortality and morbidity from respiratory and cardiovascular diseases are associated with the mass concentration of airborne particles. Particulates in the atmosphere often contain
high levels of toxic metals and organic contaminants, such
as polycyclic aromatic hydrocarbons (dioxin) [5]. Surface
dust, including that associated with highways, is an environmental indicator of heavy metal contamination and, for
most heavy metals, anthropogenic sources are more important than natural ones [6]. Heavy metals can be especially detrimental to the health of children, because their immune systems are weak. Thus, in the last decade, the study
of urban dusts (including atmospheric, foliar, road/street
and surface dust on buildings) have emerged as an important frontier in environmental research [7, 8].
Guangzhou is the largest city in South China and a
major political, industrial and economic center with an
area of 7434 km2 and a population >12.7 million people.
It has experienced a tremendous increase in motorized
traffic volume, which exerts a heavy pressure on its urban
environment [9]. With rapid population expansion, along
with economic and industrial development, the environmental quality in urban Guangzhou has been severely deteriorated, and this is of concern because uncontrolled urban
growth seriously affects the quality of the urban environment and represents a risk to human health [10].
Many studies of heavy metal concentration, distribution and source in street/road dusts in large cities have been
conducted in developed countries [6, 11, 12], and comparatively little research has been done in developing countries (including China). During the last three decades,
many studies on Pb, Cd, Cu and Zn contamination have
been carried out due to their impact on both the environment and human health [13]. Research has demonstrated
that the particle size, pollutant composition and concentration of road-deposited sediment are related to, for example,
weather conditions, traffic density and industry as well as
the nature of the soil [14]. Moreover, most studies have
focused on concentrations of heavy metals and their distributions based on a single urban source, such as road
dusts (e.g. Harrison and Sutherland [15, 16]). To date, there
have been only a few studies on the foliar dust, and especially on surface dust, from buildings for different types
of urban areas, such as industrial or residential ones within
the city [1, 17, 18]. There is no information about the particle size distribution, heavy metal concentrations and their
relationship with environmental factors in foliar and surface dust from buildings in Guangzhou and South China.
The overall goal of this study is to investigate the particle size distribution and heavy metal content (Cd, Cr,
Cu, Mn, Ni, Pb and Zn) of foliar and surface dust from
buildings in urban Guangzhou, and to investigate their
possible sources. This study will improve knowledge and

understanding of the interrelation between foliar and surface dust on buildings and environmental pollution in
Guangzhou. This information will be helpful to urban planners and environmental managers in their endeavours to
develop responsible and environmental-friendly development strategies.
2. MATERIALS AND METHODS
2.1. Sampling and sampling methods

Four sampling areas representing different types of
urban land-use or cover, with a total of 6 sampling sites
were selected in this study (Fig. 1). Two of the sampling
sites were of the industrial area (IA) type, namely, the
shipyard and the steelworks of Guangzhou. There was one
sampling area characteristic of a residential area (RA), No.3
District of Fangcun Garden. Two sites were sampled to
characterize commercial use and traffic areas (CTA) namely,
Tianhe and Tiyudong roads. A final sample site was located
on the campus of Sun Yat-Sen University and acted as a
control area (CA) against which the other 3 urban type
areas could be compared.

FIGURE 1 - Locations of sampling sites in urban Guangzhou (CTA,
RA, IA, CA in legend represent the Commercial and Traffic Area,
the Residential Area, the Industry Area, and the Control Area,
respectively)

Leaves were collected from 4 common tree species in
the IA, CTA, RA and CA urban type areas during October
and December of 2010, in fine weather. Each sample consisted of about 500 g of leaves collected from mature and
healthy trees at a height of 5 m above ground [1]. The sampled leaves were carefully stored in polyethylene bags and
returned to the laboratory. At the same time and at the same
sites, surface dust was collected from nearby buildings (windowsills, window-panes, top of air-conditioner housing
casings etc.) using a hairbrush to sweep the dust onto clean
paper. Samples were then transferred to polyethylene bags
and returned to the laboratory.
2.2. Sample preparation and analysis

Upon return to the laboratory, the sampled leaves were
immersed in distilled water in order to remove the dust.
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After soaking for 2 h, the leaves were removed by tweezers and the distilled water passed through a filter-paper,
which was subsequently dried, to remove the dust. All foliar
dust and surface dust samples from buildings were sieved
using a 0.25-mm nylon mesh to remove gravel-sized materials before analysis for both particle size and elemental
content.
The particulate size distributions of foliar dust and surface dust from buildings were determined using a Laser
Particle Size Analyser (Malvern Instruments, Master Sizer
2000) which measures materials from 0.02 to 2000 µm. A
small fraction of each dust sample was placed into suspension and analysed on the Master Sizer 2000 instrument.
Replicate measurements made on samples revealed that
the error was <2%.
Elemental analysis of the dust samples was carried out
by dissolving 0.5 g of the <25 mm fraction using the
HNO3-HClO4 method of Qiu et al. [1]. The heavy metal
(Cd, Cr, Cu, Mn, Ni, Pb, Zn) concentrations were then
determined by ICP-AES. The standard reference material
(ESS-3) was obtained from China National Environmental
Monitoring Center. The recoveries for all the elements
were greater than 95% of the certified values that accompanied the standard reference material.
2.3. Enrichment factors (EF)

In general, the enrichment of elements in atmospheric
particles relative to the upper continental crust composition is an indication of emissions from anthropogenic
sources. The enrichment factor (EF) for any given element in a dust sample can be calculated using Eq. (1):
(1)
where, Cx is the concentration of the element in the
dust sample and Cref is the concentration of reference element for normalization. The use of Eq. 1 to determine the
EF can provide information for source identiﬁcation of the
elements, and it avoids the problems associated with using
individual or single elemental concentrations. A number of
metals, such as aluminum (Al), iron (Fe), lithium (Li) and
cobalt (Co), have been used as reference elements. For this
study, Fe was taken as a reference element. As a reference
metal for calculating the enrichment factor, Fe was the best
choice given its low anthropogenic emission. If the EF
approaches unity, this suggests that the element is dominantly from a crustal source. Operationally, given the local
variation in soil composition, if EF＞10, a large fraction
of the element may be regarded as being contributed by
non-crustal sources [8, 19].
2.4 Multivariate analysis

SPSS 17.0 was applied to carry out the t-test, Pearson
correlation, PCA and ANOVA variance analysis. Multiple
comparisons and one-way analysis of variance (ANOVA)
procedures were used to compare the differences among
the 4 types of urban area sampled in Guangzhou, and most

of the data tabulations were completed using Excel 2007
and origin 8.5. The least significant difference (LSD) tests
were performed to determine the significance of the means
at P<0.05. Pearson correlation coefficients were used to
evaluate relationships among the corresponding variables
[20]. For PCA, the rotation method: Varimax with Kaiser
normalization was used [9].

3. RESULTS AND DISCUSSION
3.1. Particle size distribution of foliar dust and surface dust
in urban Guangzhou

The particle size distributions (cumulative mass percentages) for samples of foliar and surface dust from buildings are presented in Fig. 2. The size distribution curves of
foliar and surface dust from the 4 urban type areas in
Guangzhou are reasonably similar, although there is a decreasing trend in the mean grain size: CA > IA > RA > CTA.
The histograms of mean mass percentages versus grain size
fraction for both foliar and surface dust are shown in Fig. 3.
Based upon the complete distributions of particle size,
most foliar dust and surface dust is concentrated in the 1050 µm fraction (46-59.1%), and the mass percentage ratio
of fine particles (10-50 µm) in CA, at nearly 60%, is the
maximum of all 4 urban type areas. It should be stressed
that the proportion of PM2.5 to PM10 in foliar dust (22.35
to 26.12%) is more than that in surface dust (15.46 to
20.3%). Based on these results, it can be concluded that
the particle size of foliar dust was finer than that of surface dust from buildings. For foliar dust, the mass percentages of particles < 50 µm, CTA and IA urban type areas
have the larger proportion; while in surface dust, the larger proportions are observed in CA and RA type urban
areas. Specifically, for CTA, the influence of land-use on
the particle size distribution of the foliar dust may be
related to the inability of rotary brush street sweepers to
pick up fine particles (i.e., clay and silt). The particle size
distribution of IA is possibly due to long-term industrial
emissions, and the fine particles subsequently being caught
and remaining on the leaves of the plants in the area. Regarding surface dust, the CA and RA urban type areas are
swept more often than both the commercial/traffic area
(CTA) and the IA area and, consequently, the coarse particles are more likely to be removed from the former two
areas. ANOVA analysis showed that the mass percentages
for particles <250 µm were not signiﬁcantly different between foliar dust and surface dust.
Particle size is an important determinant of a particle’s behaviour and, therefore, a useful parameter in any
analysis of particles [21]. Particle size has a direct relationship with atmospheric particle formation, migration,
transformation, removal processes and physicochemical
properties [22]. Fine dust particles floating in the air easily adhere to the plant leaves, and coarse particles easily
settle to the ground under the influence of gravity. Surface
dust originates from multiple sources, of which anthropogenic activity is the main one. The fine particles in the CA
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area may be more easily enriched than those in the other
urban type areas because of less human disturbance. Some
studies have found that particles <100 µm are easily resuspended, and retained in the atmosphere due to the wind and
air movement caused by the passage of vehicles [14, 23].
When the particle size is <66 µm, the road-deposited sediment can be easily picked up by any breeze caused by air
turbulence [14]. Consequently, over an extended period of
time, the coarse particles typically become enriched through
the selective resuspension and removal of finer sediment
[24]. Winnowing has not occurred in the CA area.
Fine particles (PM2.5, aerodynamic diameter <2.5 µm)
are capable of penetrating deep into the lungs, to the alveolar region, and seem to be more harmful than larger
particles [25] implying that the smaller the grain size, the
greater the damage to human health [26]. One of the most
interesting findings from toxicological studies is that
ultra-fine particles of <100 nm appear to have considerably enhanced toxicity per unit mass and that their toxicity
increases as particle size decreases [15].
Epidemiological research indicates that the effect of
inhalable particulates may not be confined to the respiratory system, and that they can also affect the reproductive
system causing fetal malformation and some functional

FIGURE 3 - Histogram of mean mass percentages versus grain size
fraction about foliar dust and surface dust (CA = Control Area, RA
= Residential Area, CTA = Commercial and Traffic Area, IA =
Industry Area).

defects. Therefore, fine particles which are absorbed by the
body may help to increase the mortality for those patients
with a “sensitive” physical condition (including cardiovascular diseases, respiratory diseases and others) [7]. In our
study, the particle size of foliar dust and surface dust was
concentrated on 10 < dp < 50 µm. The physical sizes of
the dusts were similar to that reported by other researchers [27, 28]. It should be noted that foliar dust is easier to
absorb by the respiratory tract and skin, from where it can
be digested, absorbed, or accumulated, and which may
cause harm to the health of people exposed to the dust. In
addition to human health impacts, ultra-fine particles are
the primary factor affecting urban atmospheric visibility.
They also have a close relationship with the reduction in
atmospheric visibility in Guangzhou and the occurrence
of haze which happens every winter. The retention of
ultra-fine particles on tree leaves recorded in this study is
of interest in terms of urban air quality management.
3.2 Heavy metal concentrations of foliar dust and surface
dust in different urban areas of Guangzhou
FIGURE 2 - Particle size distribution of foliar dust and surface dust
(CA = Control Area, RA = Residential Area, CTA = Commercial and
Traffic Area, IA = Industry Area).

Heavy metal (Cr, Cd, Cu, Mn, Ni, Pb and Zn) concentrations for foliar and surface dust from buildings are
presented in Table 1. It can be seen that for Cr, Pb, and
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TABLE 1 - The heavy metal concentrations of foliar dust and surface dust in urban areas.
Foliar dust
(mgkg-1)
Cr
Cd
Cu
Mn
Ni
Pb
Zn
Surface dust
(mgkg-1)
Cr
Cd
Cu
Mn
Ni
Pb
Zn

CA

RA

CTA

IA

227.57±23.13
4.25±0.37
360.24±25.81
465.22±18.08c
99.88±17.61
428.58±21.27
1161.73±72.51c

376.96±24.40
4.94±0.12
290.70±25.63
1169.58±7.07
117.70±7.93ab
804.57±145.33 ab
1253.08±64.41

209.58±10.13
3.67±0.21
434.12±31.67
600.59±5.50
83.99±5.15
438.90±8.85
1453.06±18.41

275.77±91.48c
4.97±0.08
580.10±38.03ab
3189.27±300.40ab
54.04±4.13ab
700.00±2.34
1715.79±52.09 ab

CA

RA

CTA

IA

147.86±13.94
3.15±0.78
339.61±57.28
610.31±25.01
111.84±48.85ab
169.72±79.34
1575.51±355.16

273.73±41.29ab
5.56±1.86 ab
514.28±207.25ab
4477.35±1902.20ab
57.27±16.27
585.6±150.53ab
1846.67±509.16ab

165.88±30.04
3.43±0.28
381.63±116.16
660.83±65.31
64.52±15.59
215.08±92.72
1197.69±315.67

ab

c

133.65±69.62
3.27±1.49
233.26±156.59c
1285.35±237.24c
42.77±19.42
311.58±125.68
761.55±497.10c

ab = significant difference in the different areas at P < 0.05 (t-test); c = significant difference for the same element at P < 0.05 (t-test)

also Cd, with the exception of the IA type area, and for
Cu, with the exception of the CA type area, the highest
mean concentrations are in the foliar dust. For the elements Mn and Zn, in 3 out of the 4 urban type areas, the
highest mean concentrations are observed in surface dust
from buildings. It should also be noted that in the RA type
urban area all the elemental maxima were observed in
foliar dust samples. The higher mean values of Cr, Pb,
Cd, and Cu in foliar dust compared to surface dust may
reflect the generally finer particle sizes of these dusts
(section 3.1) whilst for the RA area, it would appear that
tree foliage may act to trap and intercept particulate matter, thereby screening the residential buildings from dust.
Heavy metal concentrations are significantly different
(P< 0.05) among the 4 types of urban areas. Pollution indices in the foliar dust of the different areas ranked from
high to low in the order IA > CTA > RA > CA, whilst
pollution indices in the surface dust of different areas
ranked as follows: IA > CTA > CA > RA. The highest
mean concentrations in foliar dust for Cd, Cu, Mn and Zn
were found in the IA urban type area but the highest mean
values of Cr, Ni and Pb in foliar dust were recorded in the
RA area. In contrast, the lowest mean values of Mn, Pb,
and Zn in foliar dust were all recorded in the CA whilst
the minimum mean values of Cr and Cd were observed in
the CTA urban type area. Minima of Cu and Ni occurred
in the RA and IA urban type areas, respectively. Regarding surface dust from buildings, the highest mean values
for all elements, except Ni, were recorded in the IA urban
type area. The lowest mean concentrations of all elements
in the surface dust were observed in samples from either
the RA or CTA urban type areas. In contrast to the foliar
dust, no element for surface dust recoded the lowest mean
value in the CA located at Sun Yat-Sen University campus.
Using the soil background value in Guangdong province as a reference [29], the Cd levels of surface dusts are
88 and 89 times higher than background (Cd = 0.056 mg
kg-1) in RA and IA, respectively. The Zn concentrations

of surface dust are 33 and 39 times higher than background (Zn = 47.3 mg kg-1) in the CTA and IA areas,
respectively. The Mn concentrations in surface dust were
5- and 16-fold those of soil background level of 279 mg kg-1
in the RA and IA areas, respectively. The maximum mean
concentrations of foliar dust for any urban type area in
Table 1 were 7, 89, 34, 11, 8, 22 and 36 times that of the
background values for soil in Guangdong province for Cr,
Cd, Cu, Mn, Ni, Pb and Zn, respectively. The corresponding minima of enrichment were 4-, 66-, 17-, 2-, 4-, 12- and
25-fold for Cr, Cd, Cu, Mn, Ni, Pb and Zn, respectively.
Both foliar and surface dust from buildings are enriched
compared to the background values of soil in Guangdong
province.
Compared with the other urban type’s areas in Guangzhou, the concentrations of Cd, Cu, Mn and Zn in both foliar
and surface dust are highest in the IA type area. The heavy
metals Cr and Pb in the surface dust from buildings also
exhibited maxima in the IA area. Given that the samples
in the IA type area were collected from locations near a
shipyard and steelworks, one possibility to explain the
comparatively high elemental content in the IA area is
industrial waste and paint (rich in Cd, Cu, Mn and Zn)
being discharged, or exhausted, directly into the atmosphere. For foliar dust, the heavy metal (Cr, Ni and Pb)
concentration was highest in the RA type urban area. The
location of sampling for the RA area is an old town with
approximately 0.55 million people. The heavy metals in
the RA area may be derived from road traffic sources
amongst others, as Cr, Ni and Pb are associated with such
sources.
It is common practice to compare mean concentrations
of heavy metals in road dusts in different urban environments [6, 9]. However, there are no universally accepted
sampling and analytical procedures for geochemical studies of urban deposits, and this may affect the utility of
such comparisons. This fact needs to be recognised in the
following comparisons, and standardization of methods
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for sampling and analysing urban dusts should also be
considered. The mean concentrations of Cd, Cu, Pb, Mn,
Ni and Zn in dusts sampled in Guangzhou (this study)
were similar to those previously reported for Guangzhou
by Duzgoren-Aydin et al. [9]. Duzgoren-Aydin et al.. [9]
also presented elemental data for a number of other cities
including Hong Kong, Delhi, Birmingham, Coventry, Oslo
and Madrid. The mean concentrations of Cd and Cu observed in this study for Guangzhou were similar to those
reported by Duzgoren-Aydin et al. [9] for Oslo and Madrid, but much lower than those reported for Birmingham
and Delhi [9]. In terms of Pb, the concentrations observed
in this study were noticeably higher than those in Oslo,
Birmingham and Coventry cited in Duzgoren-Aydin et al.
[9]. It is possible that these differences in Pb are attributable to a steady phasing out of leaded petrol in Guangzhou,
Madrid and Hong Kong that has been going to for some
time now [6, 30]. Zn was noticeably lower in this study
than reported by Duzgoren-Aydin et al. [9] for Birmingham and Coventry, but was noticeably higher than found
in Oslo, Madrid and Delhi, which may be due to the fact
that Zn is commonly used as a vulcanization agent in vehicle tyres, and that the higher tyre wearing rate experienced
under the higher temperatures in subtropical areas, such
as Guangzhou and Hong Kong, may contribute to the high
Zn levels in the street dust of these urban areas [6]. It
should be noted that the Mn concentrations in the IA area
for this study (foliar and surface dust) were about 5 times
higher than that reported in Guangzhou by DuzgorenAydin et al. [9], and that the Ni concentrations of foliar
dust in the RA and CA urban type areas were even more
enhanced.
Heavy metals concentrations in this study were generally lower when compared to other papers [1, 31]. Perhaps, the main reason for this is that the Government of
Guangzhou has taken measures to reduce atmospheric
pollution in recent years, especially for the Asian Games
held in Guangzhou, 2010. Therefore, some of the factories
suspended production whilst traffic regulation and environmental beautification were undertaken. In addition, the
residential area of the city has experienced some afforestation. This study of elemental composition of both
foliar and surface dust from buildings in Guangzhou has
revealed that spatial variation exists between the 4 types
of urban areas that were sampled, with the IA area generally experiencing the highest mean concentrations. The
mean concentration values of Cr, Pb, Cd, and Cu were
generally higher in foliar dust while maxima of Mn and
Zn generally occurred in surface dusts on buildings.
Moreover, the elemental compositions of both types of
dust were found to be enriched when compared to soil
background values in Guangdong province. The next part
of this study investigates the source of heavy metals in the
foliar and surface dust of urban Guangzhou.
3.3 Heavy metal source identification

The EF values of Cr, Mn, Ni, Pb, Cu, Zn and Cd are
presented in Fig. 4, and they were derived using Eq. 1 and

Fe as reference element. The EF values ranged from 2.256.34, 1.4-13.62, 2.52-6.94, 4.00-18.97, 11.65-28.97, 13.6733.14 and 47.75-84.28, respectively. Fig. 4 shows that the
EF values for foliar dust are generally higher than those
observed in the surface dust of buildings. An EF of >10
may be regarded as signifying a non-crustal source, thereby
implying an anthropogenic influence. From Fig. 4, it can be
seen that 3 groups of elements exist for both surface and
foliar dusts. Firstly, there is Cd with EF well above 10. A
second group is formed by Mn, Cr, and Ni for which the
EF is generally below 10. The metals Pb, Cu and Zn form
a middle group with EF values ranging between 4.0018.97, 11.65-28.97 and 13.67-33.14, respectively. The EF
data suggest that for Cd, Pb, Cu and Zn, anthropogenic
activities or sources may play an important role.

FIGURE 4 - EF for heavy metals in dusts of Guangzhou (a: EF for
heavy metals in foliar dust; b: EF for heavy metals in surface dust).

The PCA results (Table 2) indicate that there were 3
eigenvalues higher than two, and that these 3 factors explain 82.2% of the total variance. The ﬁrst factor explains
25.9% of total variance, and loads heavily on Cr and Ni.
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Factor 2, dominated by Cu, Mn and Zn, accounts for
31.4% of total variance. Factor 3 is loaded primarily by
Cd and Pb accounting for 20.1% of total variance. The
relations between the heavy metals based on 3 principal
components are illustrated in Fig. 5 in three-dimensional
space.
TABLE 2 - Rotated component matrix of principal component
analysis for Guangzhou dusts (factor loadings > 0.6 are made bold).
Element
Cr
Cd
Cu
Mn
Ni
Pb
Zn
Eigenvalue
Variance (%)
Cumulative analysis
(% explained)

Component
1
2
0.89
-0.22
0.57
-0.36
-0.47
0.80
0.11
0.98
0.96
-0.15
0.41
-0.13
-0.05
0.98
2.59
3.14
25.9
31.4

3
0.35
0.63
-0.25
-0.06
-0.18
0.86
-0.01
2.01
20.1

25.9

82.2

70.3

Communalities
0.96
0.76
0.73
0.98
0.86
0.88
0.96

FIGURE 5 - Component plot in rotated space o f principal component analysis.

The Pearson’s correlation coefficients for heavy metals between the foliar and surface dust samples of Guangzhou are presented in Table 3. A significant positive correlation at P <0.01 was found between the elemental pairs
Cuf-Cus (0.841), Mnf-Mns (0.995) and Znf-Zns (0.829),
and at P <0.05 between Pbf-Pbs (0.619), most likely reflecting their similar source. In addition, the metals Cu,
Mn and Zn in the foliar dust samples are shown in Table 3

to exhibit significant positive correlations between all elements in the surface dust samples, with the exception of Ni.
The reverse situation also holds, namely, that Cu, Mn, and
Zn in the surface dust each exhibits positive correlation
with all metals in the foliar samples, with the exception of
Ni. This is strongly suggestive of a common source for
Cu, Mn and Zn. Regarding Pb, Table 3 shows that there is
a significant positive correlation of foliar Pb with Mn, Zn
and Cd in surface dust as well as between Pb in surface
dust and foliar Mn, Zn and Cd, again suggestive of a common source. In contrast, the Ni in foliar dust showed negative correlation with all elements in the surface dust samples, whilst Ni in surface dust also showed negative correlation with all metals in the surface dust, which may indicate that Ni has a different source to the other elements.
In order to establish inter-element relationships in both
the foliar and surface dust samples, correlation coeﬃcients
for the 7 metals were calculated, and are shown in Table 4.
With respect to the foliar dust, a significant positive correlation at the P <0.01 level was found between Cr-Pb
(0.884), Cr-Cd (0.712), Cu-Mn (0.758), Cu-Zn (0.904), PbCd (0.852) and Mn-Zn (0.828), indicating a common
source for these metals. In the surface dust samples, Cr
was significantly correlated at the P <0.01 level with Cu,
Pb, Mn and Cd, and at the P <0.05 level with Zn. Cu in
surface dust was positively correlated, at either the P
<0.01 or 0.05 level, with Pb, Mn, Zn, Cd, and Cr. Moreover, Cd was significantly positively correlated with Cr,
Cu, Pb, Mn, and Zn, all at the P <0.01 level. These correlations are suggestive of a common source for these metals in the surface dust of buildings in Guangzhou. In contrast, the Ni-Cr, Ni-Cd, Ni-Pb and Ni-Mn pairs for surface
dust showed negative correlations, suggesting dissimilar
sources. Regarding foliar dust, Table 4 reveals that Mn is
significantly positively correlated (P <0.01 or 0.05) with
Zn, Cd, Cu and Pb, whilst both Cd and Pb are significantly correlated (P <0.01 or 0.05) with 3 other elements,
namely, Cr, Pb and Mn for Cd as well as Mn, Cd and Cr
for Pb. These positive correlations between 3 or more
elements are supportive of a commonality of source in the
foliar dust. As for the surface dust, Ni in the foliar dust
exhibits a number of negative correlations with other metals suggesting a distinctive source for Ni. Furthermore,
Table 4 reveals that more significant correlation occurs in
the surface dust samples for Cr and Cd than in the foliar
dust.

TABLE 3 - Pearson correlation coefficients of heavy metals between foliar dust and surface dust (n=12).
Elements
Crf
Cuf
Pbf
Mnf
Crs
-0.071
0.825**
0.216
0.820**
Cus
0.825**
0.841**
-0.117
0.625**
Pbs
0.271
0.640**
0.619*
0.925**
Mns
0.820**
0.789**
0.925**
0.995**
Zns
0.683*
0.911**
0.703*
0.821**
Nis
-0.691*
-0.785**
-0.715**
-0.755**
Cds
0.391
0.785**
0.731**
0.883**
**P<0.01 *P<0.05 subscript of Crf and Crs showed the foliar dust and surface dust, respectively
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Znf
0.728**
0.665**
0.703*
0.821**
0.829**
-0.917**
0.770**

Nif
-0.799**
-0.785**
-0.618*
-0.755**
-0.917**
-0.217
-0.753**

Cdf
0.391
0.785**
0.731**
0.643*
0.770**
-0.851**
0.557
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TABLE 4 - Pearson correlation coefficients of elements of foliar dust and surface dust (n=12).
Elements
Cr
Cu
Pb
Mn
Zn
Ni
Cd
Elements

Cr
1
-0.395
0.884**
0.236
-0.141
0.459
0.712**

Cu

Pb

1
-0.032
0.758**
0.904**
-0.959**
0.094

1
0.584*
0.239
0.075
0.852**

Foliar dust (n=12)
Mn

1
0.828**
-0.718**
0.664*
Surface dust (n=12)
Mn

Cr
Cu
Pb
Cr
1
Cu
0.777**
1
Pb
0.823**
0.586*
1
Mn
0.854**
0.684*
0.929**
1
Zn
0.683*
0.818**
0.449
0.585*
Ni
-0.142
0.026
-0.509
-0.372
Cd
0.789**
0.796**
0.852**
0.901**
* Significant p-values (P < 0.05) (2-tailed); **Significant p-values (P < 0.01) (2-tailed)

The main sources of pollution in urban Guangzhou are
traffic emissions, including wear from brakes and tyres, the
ferrous-steel industry, waste processing/disposal including
burning and recycling, paint and fossil fuel combustion, so
that the heavy metals are usually Cd, Cr, Cu, Mn, Ni, Pb,
and Zn. When compared with the background values of
soil in Guangdong province, the extremely elevated concentrations of Cd, Cu, Mn, Pb and Zn in Guangzhou dusts
suggest anthropogenic sources of these elements. Three main
sources can be identiﬁed according to correlation coefficient
analysis, EF and PCA for foliar and surface dust, namely,
(1) Cd and Pb which have mixed sources from a long
history of accumulation, including industrial/metallurgical
processes and traffic. The reason why enrichment of Cd
and Pb is very serious in the RA and IA urban type areas
is different. For the residential area (RA), the main reason
seems to be the long history of accumulation. However,
for IA area, mixed sources from industrial metallurgical
processes and exhaust emissions (for example, from electroplating and painting processes, coal burning) are significant; (2) Cu, Mn and Zn represent industrial sources, as
well as traffic ones, especially for Zn and Cu; (3) Cr and
Ni in the four areas mainly originate from natural sources
(local soil).
One group of elements, Cd and Pb, have strong positive correlations in both PCA and correlation coefficient
analysis. The concentrations of Cd and Pb in foliar and
surface dust samples (IA and RA) are higher than in the
other two urban type areas. The EF values of Pb and Cd
for foliar dust ranged from 10.11 to 18.97 and 55.63 to
75.34, respectively, whilst for Pb, the highest mean concentration was observed in the RA type area. Although Pb
has been reported to be correlated with traffic emissions
[32, 33], it was not distinguished by factor analysis in this
study (a different factor - i.e., traffic-related emissions exists which could be ascribed to the use of unleaded gasoline in Guangzhou). The study area (RA) was an old town
with a long history, which has a bustling commercial area

Zn

Ni

Cd

1
-0.857**
0.245

1
-0.024

1

Zn

Ni

Cd

1
0.434
0.710**

1
-0.303

1

and high density of population. Therefore, the long history of development of the area facilitated the accumulation
and enrichment of lead and cadmium in the RA study site.
In all the study areas, the Cd content in dust is relatively
high, especially in the IA area, and these concentrations
are reflected in high EF values of 47.75-84.28. Previous
studies conclude that Cd may be associated with industrial
activities including the ferrous steel industry in which it
may be used as a corrosion-resistant plating [11, 34]. The
sampling sites for the IA study area included both a
steelworks and a shipyard, and the emissions from smelting, electroplating and coal combustion in the steelworks
as well as the welding and painting undertaken in the
shipyard, may have led to the higher accumulation of Cd
in this area. In addition, the other 3 areas (CA, RA, CTA)
also show a high degree of enrichment of Cd, and in these
areas located away from the heavy industry, it may suggest that Cd pollution is related to vehicular road-traffic
(Cd is used in the manufacture of tyres), fossil fuel consumption, building renovation, mineral oil and waste
incineration, all of which reflect human activities [35, 36].
A second group of elements consists of Cu, Mn and
Zn which were identified by PCA analysis and correlation
coefficients and, in addition, each of them shows markedly
high concentrations relative to the corresponding background values of Guangdong soil, and Mn concentrations
in excess of the mean were found in dust samples from the
industrial area, in particular at the steelworks, shipyard
and heavy trafﬁc sampling sites (8,000–10,000 vehicles a
day). The EF value of Mn (foliar and surface dust), however, is less than or close to 10 (Fig. 4), indicating that
some of the Mn contamination comes from natural sources.
In terms of anthropogenic influence, Mn has been identiﬁed as a marker for soil and resuspended dust [37, 38],
industrial processes [39], and the metal industry [40], along
with building construction and renovation [8]. The high
Cu and Zn levels were found in dust samples from
Guangzhou that were mainly from locations correspond-
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ing to areas of heavy trafﬁc and industry (Table 1). The
EF values of Cu and Zn ranged from 11.65 to 28.97 and
13.67 to 33.14, respectively, and high levels of enrichment of Cu and Zn were displayed in the CTA area, indicating that a signiﬁcant contribution was trafﬁc sources. Cu
and Zn in the dust samples of Guangzhou were generally
highly correlated with each other, indicating that the general
contamination sources for these metals [41] were primarily
trafﬁc and industrial activities. According to previous researches [6, 11, 12], Zn in dust can originate from the
wear and tear of vehicle tyres, and also the corrosion of
galvanized automobile parts. Cu is often used in car lubricants [9, 12], and can be released to the urban environment as a result of oil leakage, and the wear of the automobile’s oil pump, or corrosion of metal parts [6]. According to Jiries et al. [42], Cu and Zn may be derived
from the mechanical abrasion of vehicles [43]. The results
of this study support such observations.
A third group of elements consisting of Cr and Ni are
highly correlated in PCA, and they are negatively correlated in the correlation coefﬁcient analysis (Table 4). The
EF of Cr and Ni in dusts among the 4 different urban areas
are less than 10 (2.25-6.34, 2.52-6.94 for Cr and Ni, respectively). This separation between them and other heavy metals may suggest a mainly non-anthropogenic source, and this
is supported by their low EF values. The soil concentration of Ni is mainly attributable to the parent materials in
the soil [33, 44]. In this study, concentrations of Cr and
Ni in most dust samples are only slightly higher than their
corresponding background values in Guangdong soil. This
suggests that Cr and Ni in dusts of Guangzhou mainly
originated from local soil, and the negative correlation
between Ni and other elements in this study is certainly
suggestive of a different source for this metal.
The sources of metals in the urban environment are
extremely difficult to identify due to the complex nature
of the city. This study and previous research reveal that numerous anthropogenic sources, such as industrial production, vehicle traffic, waste disposal, as well as fossil fuel
combustion, could be the direct contributors of metals [6,
34]. Moreover, the population size and stage of development of a city can also inﬂuence the metal concentrations
of dust in the urban environment [11 ,42]. Hitherto, most of
the studies of source identiﬁcation of metals in surface dust
and urban soils have been conducted with the aid of multivariate analysis [45], and relatively few “direct proofs”
were provided for the metal origins. There is a need for
the unequivocal source identiﬁcation of metals in environmental media, such as dust and soil; statistical inference may not be sufficient.

distribution curves of foliar dust and surface dust among
the different urban areas are reasonably similar, although
there is a decreasing trend in the mean grain size: CA >
IA > RA > CTA. The particle size distributions of dusts are
mainly concentrated on 10-50 µm, and the proportion of
PM2.5 to PM10 in foliar dust was larger than that in surface
dust. On the whole, the particle size of foliar dust is finer
than the surface dust. The concentrations of heavy metals
were significantly different among the four types of urban
area, and in particular, the contamination in the IA and
CTA areas was relatively serious. The mean concentrations of Cr, Pb, Cd and Cu were generally higher in foliar
dust compared to surface dust from buildings, whilst the
maxima of Mn and Cd commonly occurred in the surface
dust of buildings. Enrichment of metals in comparison to
background values for soil in Guangdong province was
common. Calculation of an EF identified 3 groups of metals: firstly, Cd with very high EF values, typically well
above 10; secondly, Mn, Cr and Ni which have the lowest
EF values in this study and which are generally well below
10; thirdly, Pb, Cu and Zn form a group in between the
two extremes. Use of EF, PCA and correlation coefficients
reveal both the association between metals and the human
impact upon them. However, Ni is an exception with low
EF values and correlation coefficients indicating that this
metal is distinctive from the others, and that it may not be
anthropogenically enriched in Guangzhou.
In terms of management of environmental quality, the
data from this study in Guangzhou suggests that account
should be taken of the spatial variation within the city and
that both mobile and fixed sources contribute to the anthropogenic influence. The pollution amelioration influence
of trees is supported by this study, and the fact that surface
dust collected from buildings contained heavy metals has
implications for human health and contributes to the
knowledge regarding “healthy” buildings. The physical
properties and elemental composition of surface dust from
buildings has hitherto received limited attention, and this
study suggests that the topic is worthy of development.
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4. CONCLUSIONS
The particle size distribution, heavy metal concentrations and sources of the dusts among different urban areas
of Guangzhou have been studied in this work. The size
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ABSTRACT
Trichloroethylene (TCE) is a common pollutant in
groundwater, and one of the priority pollutants listed by the
U.S. Environmental Protection Agency (U.S. EPA). In this
work, the bioassay of TCE toxicity on Daphnia magna (D.
magna) before and after UV photolysis, as well as sonication
at 130 kHz and 35 kHz was performed. Experimental
concentrations tested were 100, 75, 50, 40, 30, 20, 10 and 5%
of the different process effluents diluted with dilution water.
LC50 values of each experiment were measured according
to Probit analysis. Mathematical relationships between
exposure time and LC50 of TCE as well as effluents from
different processes for D. magna were developed. The
results showed that TCE was toxic to D. magna, resulting
in quite low values. Comparison of toxicity units (TU)
showed that in all exposure times (24, 48, 72 and 96 h), the
order of higher TU was before process > after US-35 kHz
process > after US-130 kHz process > after UV process.
Thus, photolysis and ultrasound processes are able to decrease the toxicity of TCE and its by-products formed
during the degradation of TCE.

KEWORDS: Bioassay; Daphnia magna; photolysis; trichloroethylene; ultrasound

1. INTRODUCTION
The presence of organic pollutants in the subsurface
indicates a serious threat to groundwater sources and has
gained considerable attention over the last two decades
[1, 2]. Trichloroethylene (TCE) is possibly a carcinogenic
* Corresponding author

compound to humans, and is one of the most common
contaminants in groundwater. TCE is non-flammable,
volatile, and has been used extensively as a solvent and
degreasing agent in metal and glass industries, dry cleanings, household products, such as rug cleaners or spot
removers, and air fresheners [3]. TCE is chemically converted to vinyl chloride (VC) in anaerobic conditions which
is a potential carcinogen by reductive dehalogenation. Due
to its serious health effects, U.S. Environmental Protection
Agency (EPA) has set the maximum contaminant level
(MCL) and maximum contaminant level goal (MCLG) for
TCE as 0.005 mg L-1 and zero, respectively. TCE enters the
aquatic environment through landfill leaching, accidental
spills, industrial discharges, and improper storage and disposal. Atmospheric transport and deposition of TCE is an
important route of entry to aquatic environments in nonindustrial areas. Therefore, the toxicity of TCE to aquatic
life could be a matter of concern.
Toxicity of TCE to some organisms has been studied
earlier. Acute toxicity (48 to 96-h LC50 ) values of TCE
for juvenile American flagfish (Jordanella floridae) and
golden orfes (Leuciscus idus) varied from 28.2 to 213 mg
L-1, respectively [4, 5]. D. magna are the most sensitive
aquatic invertebrates to TCE with a 48-h EC50 value for
immobilization of 7.76 mg L-1 [6]. Other studies have
reported 48-h LC50 values of 48 and 75 mg L-1 for mosquitoes (Aedes aegypti) and polyps (Hydra oligactis), respectively. Some phytoplankton species are tolerant to TCE.
For example, Scenedesmus pannonicus has a 192-h NOEC
of > 1000 mg L-1, and Selenastrum capricornutum has a
96-h NOEC for growth of 175 mg L-1 TCE [4].
Treatment technologies, such as adsorption by activated carbon and air stripping, are effective in removing
TCE from contaminated waters, but these processes transfer the contaminant from one phase to another phase, and
the environmental hazards of TCE will still remain [7].
On the other hand, advanced oxidation processes (AOPs)
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can be considered as efficient alternatives to the conventional treatment processes, and may completely destroy
toxic organics, such as TCE [8-13].
Under specific conditions, AOPs could lead to complete mineralization of parent contaminants with water,
carbon dioxide and mineral acids. So, it is critical to know
details about the end-products of contaminants after treatment of contaminated water as well as before release of
effluents to receiving waters and aquatic environments.
The aims of this work were (1) to investigate the toxicity responses obtained from the bioassay using D. magna
before and after UV photolysis, sonication at 130 and 35 kHz
frequencies, (2) to present the mathematical relationship
between exposure time and LC50 of TCE for D. magna, and
(3) to compare the toxicity of effluents from different
processes to D. magna after treatment with calculation of
toxic unit (TU) values.
2. MATERIALS AND METHODS
2.1. Process

UV experiments were conducted in stainless steel batch
reactors (volume = 200 ml) with an immersed low-pressure
lamp (power input = 6 W). The wavelength of low-pressure
Hg lamp was 253.7 nm. The reaction time was 70 min.
For ultrasonic experiments, an ultrasound bath of solutions was performed with two different frequencies (35
and 130 kHz), and a power value of 500 W (Elma, Germany, Table 1). The sonication time for both 35 and 130
kHz frequencies was 120 min.
TABLE 1 - Characteristics of ultrasound reactor used in experiments.
Parameters

Characteristics

Frequency
Power
Flow type
Dimensions

35 and 130 kHz
500 W
Batch
L= 30cm, W=25cm, H=32 cm

2.2. TCE solution

The initial concentration of TCE was 100 mg L-1, experimental concentrations tested were 100, 75, 50, 40, 30,
20, 10 and 5% of effluents from processes diluted with dilution water (ultrapure water, resistivity 18.2 MΩ cm). The
solutions were prepared by diluting the pure TCE (>99%),
which was produced by Merck company, Germany.
2.3. Daphnia magna

Acute toxicity of TCE and the toxic effects of its degradation products after the processes were determined
according to Standard Methods [14]. Firstly, D. magna
was caught from its living site, then cultured lonely, and
infants of this primary D. magna were used for culture in
large amounts. Dilution water was made up of tap water,
which was dechlorinated by sodium thiosulfate, and also
passed through a column of activated carbon. The quality
parameters of dilution water are shown in Table 2.
D. magna was maintained in a 10-L glass vessel containing medium for culture in a 12/12-h light-dark cycle,
with temperature-control at 21±1 °C. Sheep manure was
used as culture medium, and D. magna was fed with yeast
every two days at a concentration of 100 mg L-1. For
bioassay experiments, 10 infants (age <24 h) were exposed to a volume of 100 ml in a 250-ml glass beaker (8
glass beakers for 8 different concentrations, and 1 beaker
was considered as control in which TCE was not added).
After preparing the solutions in glasses, the numbers of
dead D. magna and environmental conditions, such as
temperature, pH and dissolved oxygen, were recorded at
2, 4, 6, 8, 24, 48, 72 and 96 h during the bioassay test.
LC50 values were calculated for toxicity tests by use of
Probit analysis [15]. Finally, for a certain comparison, the
toxicity values of effluents from different processes were
converted to TU. The TU of a mixture or effluent is equal to
100% divided by the LC50 of that mixture or effluent [16]:
TU =

100%
LC 50

All experiments were done in triplicate to ensure reproducibility.

TABLE 2 - Parameter quality of water used in this study for D. magna culture.
Parameter
pH
Conductivity (µmho cm-1)
Dissolved oxygen (mg L-1)
Total hardness as CaCO3 (mg L-1)
Non-carbonate hardness as CaCO3 (mg L-1)
Carbonate hardness as CaCO3 (mg L-1)
Total Alkalinity as CaCO3 (mg L-1)
Ca2+ (mg L-1)
Mg2+ (mg L-1)
Na+ (mg L-1)
K+ (mg L-1)
SO42- (mg L-1)
Cl- (mg L-1)
Total Kjeldahl nitrogen (mgL-1)

Quality
8.1
465
6.4
177.8
25.67
152.13
121
60.8
6.29
47
6
51
24.33
0
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Method of measurement
pH meter
Conductivity meter
DO meter
EDTA titration
EDTA titration
Calculation
Acid titration
EDTA titration
Calculation
Flame photometry
Flame photometry
Turbidimetry
Argentometry
Kjeldahl nitrogen
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3. RESULTS AND DISCUSION
It was found that water fleas (D. magna) were the
most sensitive aquatic invertebrates to TCE [6]. So, bioassay was done by using D. magna. All responses in bioassay on D. magna exposed to TCE are presented in Table
3. The presented data in Table 3 were used as the essential

variables, which were needed to perform Probit analysis.
According to these data, the Probit analysis was performed and the results are shown in Table 4, which shows
the LC50 values of TCE at different exposure times, and
related 95% confidence intervals.

TABLE 3 - Results of bioassay on D. magna exposed to TCE.
Average TCE
conc. (% v/v)
Before process

After US-35kHz process

After US-130 kHz process

After UV process

D. magna
(No.)
100
75
50
40
30
20
10
5
100
75
50
40
30
20
10
5
100
75
50
40
30
20
10
5
100
75
50
40
30
20
10
5

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

4
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0

No. of dead D. magna during experiment (h)
6
8
24
48
72
2
4
8
10
10
1
3
8
9
10
1
2
7
7
8
0
1
5
6
7
0
1
3
4
5
0
0
1
1
2
0
0
0
1
1
0
0
0
0
0
2
3
7
8
9
1
2
6
7
8
1
2
6
6
6
0
1
3
4
5
0
1
2
3
3
0
0
1
2
3
0
0
0
1
1
0
0
0
0
0
2
4
7
8
9
1
3
7
7
7
1
2
4
5
6
0
1
3
4
4
0
1
1
2
3
0
0
1
2
3
0
0
1
1
1
0
0
0
0
0
2
4
7
8
9
1
2
6
7
7
0
1
4
5
6
0
1
2
3
4
0
0
1
2
2
0
0
1
1
1
0
0
0
0
0
0
0
0
0
0

96
10
10
9
7
6
2
1
0
9
9
6
5
4
3
1
0
9
8
6
5
4
3
1
0
10
8
6
5
3
1
0
0

TABLE 4 - LC50 values for different exposure times according to Probit analysis.
Process

Parameter

Before process

Lower limit 95% confidence level
LC50
Upper limit 95% confidence level
Lower limit 95% confidence level
LC50
Upper limit 95% confidence level
Lower limit 95% confidence level
LC50
Upper limit 95% confidence level
Lower limit 95% confidence level
LC50
Upper limit 95% confidence level

After US-35 kHz process

After US-130 kHz process

After UV process

Time of exposure (h)
24
48
33.17
26.05
43.14
33.85
56.08
42.93
43.22
32.63
56.95
44.97
84.61
66.55
44.4
35.63
60.93
48.88
102.6
74.44
50 .43
41.61
65.6
53.35
101.7
73.12
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72
21.74
28.39
35.47
27.6
37.67
57.82
29.81
41
58.67
37.46
47.51
61.54

96
20.22
26.55
32.98
25.54
34.79
46.74
26.34
36.24
49.8
32.91
41.22
51.14
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As shown in Figs. 1 (a-d), polynomial relationships
can be considered as the best fit to explain the mathematical relationship between the exposure time and LC50 values of TCE in all processes.
The models for different processes were as follows:
Before process:
y = -0.035x3 + 2.125x2 - 15.42x + 56.47
After US-35 kHz process:
y = -0.0433x3 + 2.6x2 - 19.477x + 73.87
After US-130 kHz process:
y = -0.175x3 + 3.135x2 - 20.23x + 78.2
After UV process:
y = -1.1433x3 + 10.065x2 - 34.442x + 91.12
In these equations, y represents the LC50 values of
TCE (% v/v), and x stands for exposure time of D. magna
to the pertinent TCE concentration after processes.

In Figs. 2 (a-d), the TU values of TCE before and after processes are shown. The toxicity of TCE changed
significantly with exposure time between 24 to 96 h, and
was increasing from 2.31 to 3.76 (before processes). This
pattern was also observed for all the effluents from different processes and with increasing exposure time, the toxicity values of effluents increased.
Results showed that TCE was toxic to D. magna and
resulted in quite low LC50 values (96 h-LC50 of 26.55%
v/v). But acute toxicity values of TCE and a mixture of its
degradation by-products after different processes, with
regard to TCE were less (Table 4). For a better comparison, the toxicity values were converted to TU. As can be
seen from Figs. 2 (a-d), 24, 48, 72 and 96 TU values of
TCE before process were 2.31, 2.95, 3.52 and 3.76, respectively. After processes, the acute toxicity and, in parallel, TU values of TCE and the mixture of its degradation
by-products decreased. At all exposure times (24, 48, 72

FIGURE 1 - Variation of LC50 values versus exposure time: (a) before process, (b) after US-35 kHz process, and (c) after US-130 kHz process (d) after UV process.
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FIGURE 2 - TU values for processes at different exposure times.

and 96 h), the order of higher TU (Figs. 2 (a-d)) and acute
toxicity values (Table 4) was before process > after US35 kHz process > after US-130 kHz process > after UV
process. Comparison of TU values between TCE and
effluent toxicity of UV process showed that TU values for
the effluent at 24, 48, 72 and 96-h exposure times were
1.52, 1.58, 1.67 and 1.55 times lower than that obtained
with TCE. Thus, photolysis and sonolysis (with both 35
and 130 kH frequencies) were able to decrease the toxicity of TCE and its by-products formed during the degradation of TCE. This reduction was achieved by TCE degradation and formed simple by-products.
In photolysis of TCE by UV, as a result of light absorption, TCE degrades in aqueous solution by 4 major
processes: (1) homolytic cleavage of a C-Cl bond, (2) loss
of molecular chlorine, (3) photo-stimulated hydrolysis,
and (4) loss of HCl. Another additional path of TCE decay is radical reaction involving the chlorine atom attack
at the C═C bond [17]. In aqueous sonochemistry, there
are three reaction zones: (1) the bulk phase, (2) the gaseous region, and (3) the gas-liquid interface region [18],
confirming that dominating degradation mechanism is
pyrolysis (mmol) [19], like in the present study. But at low
micromolar level, OH° is also another important degradation mechanism [10, 20]. When considering the involved
mechanisms during sonolysis and photolysis as well as
comparison of the former studies [8, 10, 17, 19-21] on
degradation of TCE via these processes, it is clear that
photolysis was more efficient in TCE degradation. On the

other hand, during sonolysis, a wide range of volatile
aliphatic compounds were identified as volatile organic
intermediates [22] but in photolysis of TCE less harmful
intermediates were reported [17]. The results of these
reports confirm the lower toxicity of UV process compared to ultrasound as detected in this study. Although
there is no report on TCE degradation via ultrasound with
35 and 130 kHz (except Ref. 10), the sonolysis efficiency
of TCE via these frequencies was examined in a dissertation project, and it has been reported that 130 kHz has
better efficiency in TCE degradation, and also less harmful by-products were detected in comparison to 35 kHz.
Therefore, this report confirms our study results and less
toxicity of 130 kHz frequency [23].
Applying advanced oxidation processes can result in
complete demineralization of organic compounds and
toxicity removal conditions from wastewaters [24].
Results of this work showed that the bioassay can be
used as a suitable method for evaluation of the efficiency
of treatment procedures by ultrasound with different frequencies and also UV light.
4. CONCLUSION
In conclusion, the results of this study showed that
TCE was toxic to D. magna and resulted in quite low
LC50 but high TU values. In comparison to TCE, the samples taken from batch reactor at the end of treatment pro-
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cesses had lower toxicity. Thus, the mineralization was
in-complete and by-products existed. Therefore, it has
been concluded that ultrasound (with both 35 and130 kH
frequencies) and UV photolysis were able to decrease the
toxicity of intermediates formed during the degradation of
TCE. Of course, the toxicity of the by-products threatens
human health; there is a need of sufficient irradiation time
in both sonolysis and photolysis to degrade the by-products
as completely as possible. By-products formed during UV
photolysis had lower toxicity, with regard to ultrasound
method, and UV process was also more cost- benefit when
considering electricity consumption of both processes.
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ABSTRACT
In this study, the red mud derived from bauxite calcination method (RMC), which differs from the traditional
production in Bayer process (RM B), was employed as
an adsorbent to remove phosphate from aqueous solution.
The uptake of phosphate onto RMC strongly depended on
the initial pH (pHi), and the optimum value was found at
2.0. Kinetic studies indicated that the adsorption process
followed well pseudo-second order model. The maximum
adsorption capacity obtained from Langmuir model was
157.23 mg/g at 25 °C. The negative value of thermodynamic parameter (ΔH) confirmed an exothermic reaction
for phosphate adsorption by RMC. The final pH value (pHf)
under the optimum pHi was detected around 7.0 implying
that the alkalinity of RMC was balanced out, and the solution was a favorable acid-base condition for direct discharge.
Moreover, it exhibited the same performance of phosphate
adsorption capacity as activated RMB by acidification and
heat treatment. Thus, RMC can be used as a potential
adsorbent for phosphate removal in water cleanup.
KEYWORDS:
Red mud; Bauxite calcination; Phosphate removal; Adsorption.

method with high potential for the removal of phosphate
[10, 11].
Red mud is a residue of alumina industry discharged
during the alkaline extraction of alumina from bauxite by
Bayer or calcination process [12]. Thus, two different
kinds of red mud are produced: red mud from Bayer process (RMB) and red mud from calcination process (RMC).
In the last decades, some reports focused on the utilization
of RMB for phosphate removal as a cost-effective adsorbent [13-16], while the notice on RMC is still rare. RMC
should be given more attention because of occupying a
certain percentage in total amount of red mud, especially in
China (90%) [17, 18]. Furthermore, RMC has higher residual calcium as CaO and some active gelatin mineral components due to the high calcination temperature [14, 19],
which may cause some differences on phosphate adsorption from RMB. Therefore, there is a need to investigate
the mechanism and characteristics of phosphate adsorption on RMC for the development of new adsorbent and
waste reuse.
In this work, RMC was investigated to remove phosphate from aqueous solution. A series of methods, XRD,
XRF, BET and SEM, were carried out to characterize the
material. The effects of some parameters on adsorption
were investigated and compared, and the characteristics of
kinetics and adsorption isotherm were also studied.

1. INTRODUCTION
The presence of phosphate, which is regarded as an
essential limiting nutrient for growth of both vegetable
plants and microorganisms, has became a major concern
due to the eutrophication [1, 2]. Phosphate concentration
exceeding about 2 µM in water reservoirs is known to
stimulate algal growth, reduce the dissolved oxygen, and
disrupt the natural food-chain in aqueous environment [3,
4]. Various technologies have been investigated to phosphate removal from wastewater, including physical/ chemical, biological and other novel techniques [5-9]. Among
these, adsorption has became an effective and economic
* Corresponding author

2. MATERIALS AND METHODS
2.1. Materials

The original RMC was collected from Shandong Aluminum Corporation, Shandong, China. The material was
preliminarily dried overnight in a drying oven (GZX-9030
MBE) at 105 °C. Then, it was ground in a mortar and sifted
through a 100-mesh sieve. The screened powder without
any further treatment was directly used in the following
experiments.
2.2. Characterization

A series of micrographs were generated to characterize the surface morphology of RMC using a scanning elec-
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tron microscope (SEM) HITACHI S-3000N. The specific
surface area was obtained by the BET nitrogen gas sorption method (Quadrasorb SI, Quantachrome). The mineralogical phase of the material was analyzed by X-ray
diffraction (XRD) using a Rigaku miniflex diffractor meter
with Co Kα radiations at 44 kV and 100 mA over the range
(2θ) of 2.6-70.0. Contents of various oxides were measured
by X-ray fluorescence spectrometer (XRF) (PHILIPS
PW2404).
2.3. Experimental procedure
2.3.1. Batch studies

All the glassware used in the experiments were firstly
marinated in 10% HCl solution for 12 h, and then washed
by distilled water before use. The series of phosphate solutions were prepared from a stock anhydrous KH2PO4 solution of 1 g/L. Adsorption experiments were conducted by
shaking the admixture of 40 mL phosphate solution and a
certain amount of RMC for a specified time, at 180 rpm in
a temperature-controlled oscillator. Conical flasks with
ground-glass stoppers were utilized. The pH values of the
solutions were regulated by using HCl and NaOH (1mol/L)
solutions, and measured by a pH-meter (DELTA 320). The
process details were described below.
Experiments for evaluating the effects of initial pH
(pHi), RMC dosage and initial concentration were all conducted at 25 °C for 4 h, which was considered as sufficient to reach relative balance according to the previous
studies. Effect of pHi was studied in a range from 1.0 to
9.0 under two given phosphate concentrations (30 and
150 mg/L). The effect of adsorbent dosage in the range of
1 to 9 g/L and initial phosphate concentration in the scope
of 15 to 1000 mg/L was investigated, respectively.
For the kinetic study of adsorption, the amount of
phosphate adsorbed onto RMC was determined for different time intervals within 24 h (25 °C). The data were fitted
into 5 different kinetic equations (the intra-particle, liquid
film diffusion, pseudo-first, pseudo-second and parallelfirst order models). Adsorption isotherm was investigated
at different temperatures, and Langmuir isotherm model
was used to analyze the adsorption performance of RMC.
After adsorption, every sample mentioned above was
centrifuged at 4500 rpm for 5 min, and then filtered with
0.45-µm cellulose acetate membrane. A clear aliquot of the
filtrate was fetched and analyzed for the residuary phosphate. The ascorbic acid method was used to determine the
phosphate content, according to APHA standard method
[20]. The amount of phosphate adsorbed onto RMC (mg/g)
and the removal efficiency (%) were calculated by Eqs. (1)
and (2)
Phosphate adsorbed (mg/g) = ( Ci − C f )V

(1)

W

Phosphate removal efficiency (%) = Ci − C f × 100
Ci

(2)

where, Ci and Cf are the initial and final phosphate
concentrations of the solution samples, mg/L, respective-

ly. V is the phosphate solution volume, L, and W is the
amount of the RMC, g. In this study, the average value of
duplicate experiments is used to do the data analysis.
2.3.2. Factorial design

In order to evaluate the influence and interactions of
the pHi, RMC dosage and initial concentration, a 23 factorial design was used. A high level and low level according
to some preliminary experiments were selected as shown
in Table 1. The order in which the experiments were made
was randomized to avoid systematic error, and the results
were analyzed with the Matlab 2011 software.
TABLE 1 - Values of operating variables used in the designed set of
experiments.
Factor
RMC dosage (x1, g/L)
pHi (x2)
Phosphate concentration (x3, mg/L)

-1
1
2.0
30

1
9
5.0
150

3. RESULTS AND DISCUSSION
3.1. Characteristics of RMC

Fig. 1 describes the surface morphology of RMC at micro-scale under different magnifications. In the two photographs, semblable crumble structure emerged, revealing an
approximate self-similarity feature. Coarse exterior and
abundant cavities, which were dominant physical factors
influencing the capacity of adsorption, were obviously
presented. It is in sharp contrast to RMB, which has been
described as having relatively smooth and flat surface [13,
21]. The main cause of these discrepancies may be the calcination process in alumina industry, which is the special
technology of bauxite calcination method [14, 19].
Fig. 2 shows the mineralogical phases determined by
XRD analysis. The peak values revealed that the main constituents of RMC were calcite, quartz, hematite and katoite.
And the highest value was calcite which, to a certain extent,
confirmed the high content of calcium oxide (CaO 28.57%)
obtained from the result of XRF (Table 2). The presence
of considerable quantity of calcium oxide played an important role in the chemical adsorption process. The chemical components followed were 15.9% SiO2, 13.39% Fe2O,
9.12% Al2O, 3.96% Na2O, and other oxides.
The BET specific surface area of RMC was 23.29 m2/g.
This value was higher than in another report, in which the
specific surface area of original and activated red mud was
14.2 and 20.7 m2/g, respectively [22]. The high specific
surface area of RMC may be due to the emergence of coarse
exterior and porous appearance related to the calcination
process under high temperature, which will exert positive
influence on adsorption property.
3.2. Effect of adsorption parameters
3.2.1. Effect of the initial pH value of solution

The initial pH value of solution is an important factor influencing the phosphate adsorption [13, 23]. It was
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(a)

(b)

FIGURE 1 - SEM photographs of RMC. (a) accelerating voltage = 10.0 kV, magnification = 1000; (b) accelerating voltage = 10.0 kV, magnification = 5000.
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FIGURE 2 - XRD pattern of RMC showing peaks of main constituents.

TABLE 2 - Reaction kinetic parameters of phosphate adsorption process.
Kinetic models
Pseudo first-order
Pseudo second-order
Parallel first-order

Parameters
qe
qe=16.736 mg/g (Eq. 7-1)
qe=27.456 mg/g (Eq. 7-2)
qe=29.895 mg/g
qe1=8.923 mg/g
qe2=20.118 mg/g

k
k11=0.0045 min-1
k12=0.0120 min-1
k2=0.0006 g·(mg·min)-1
k1p=144.092 min-1
k2p=0.0051 min-1

evident from Fig. 3(a) that significant enhancement of
adsorption capacity for both tested concentrations were
achieved at pHi as 2.0. When the value of pHi was beyond
2.0, the trend displayed the character that the higher the
pHi exhibited, the lower the phosphate adsorbed was.
Taking the initial phosphate concentration of 150 mg/L,
for example, the maximum phosphate adsorbed was 23.24
mg/g with a removal efficiency of 78.0% when the pHi
was 2.0. However, when the pHi value achieved 9.0, the
phosphate adsorbed was only 5.92 mg/g corresponding to

R2
0.9858
0.9041
0.9982
0.9946

the efficiency of 19.9%, which was just equivalent to a
quarter of the maximum. This result could be explained
by the zeta potential of RMC under different pH conditions, and the adsorption reaction characteristic related to
the calcareous hydroxyl compound on the surface of RMC
[12]. The electronic potential was positive when pH was
lower than 2 but was negative when higher than 3 (Fig.
3(b)). The fact indicated that under high pH value, the
surface of RMC carried negative charges which increased
the repulsion of phosphate anions, and led to low phos-
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phate adsorbed amount [21]. The adsorption reaction
dominated by calcium could be described schematically
as in Eq. (3),
Ca-OH+H2PO4- + HPO42- ↔ Ca10(PO4)6(OH)2+H2O+OH-

(3)

The adsorption of phosphate anions was accompanied
by the release of hydroxyl ions (OH-). In that case, acid
condition could provide impetus for the positive reaction,
while large OH- with the increase of pHi values could reduce the phosphate adsorption due to the electrostatic repulsion between hydroxyl ions and phosphate anions [14].

The final pH value (pHf) after adsorption was also investigated (Fig. 3(a)). A continuously increasing trend was
found, which was attributed not only to the increase of
pHi, but also to the alkaline property of RMC depending
on the amount of CaO to a considerable extent [24]. Furthermore, the values of pHf for the two concentrations
were around 7.0 when the value of pHi was 2.0. It deduced that there were no worrisome negative effects
emerged in the process of phosphate adsorbed onto RMC
under acid initial conditions, and the alkalinity of RMC
was balanced out after the adsorption process.
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FIGURE 3 - Effect of pHi. (a) the phosphate adsorbed onto RMC and pHf (V=40 mL, W=0.2 g, T=25 °C, t=4 h); (b) zeta potential of RMC
under different pH conditions.
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3.2.2. Effect of the RMC dosage

The relationship between RMC dosage and phosphate
adsorbed, together with the tendency of pHf, are illustrated in Fig. 4(a). Increased RMC dosage caused upward
trend of phosphate removal efficiency while downward
tendency of adsorption capacity per unit mass. The fact of
higher phosphate removal efficiency with higher RMC
dosage may be due to more utilizable binding sites provided. However, for a given initial phosphate concentration, the amount of phosphate anions was definite, which
was named as “solid effect” attributed to the occupied
volume of the solid particles as well as their aggregations
[25]. Thus, the addition of RMC was equal to the reduction
of utilization rate, resulting in lower adsorption capacity.
Theoretically, there may be an intersection between the two
opposing lines, which could be regarded as a theoretical
optimal dosage. For the RMC amount of 4.64 g/L, the optimum values for the phosphate removal percentage and
the adsorption capacity were found to be 76.8% and
22.3 mg/g, respectively. In conclusion, a dosage of 5 g/L
was chosen in this work. It was not only to the requirement of adsorption capacity but also to the practical application, especially pHf, which was close to 7.0 as shown
in Fig. 4 (a).
3.2.3. Effect of initial phosphate concentration

Fig. 4(b) shows the relationship between the initial
phosphate concentration and phosphate adsorption capacity or phosphate removal efficiency. The phosphate adsorbed continuously elevated with the increase of initial
phosphate concentration from 15 to 1000 mg/L. This may
be due to the enhancement of driving force and the better
utilization of adsorption sites. However, the phosphate
removal efficiency was found to be low at high initial concentration because of the saturation of the adsorbent. From
Fig. 4(b), a linear increase of the uptake capacity of phosphate on RMC was found in the studied range, indicating no
effect of initial concentration on the adsorption mechanism
[26]. In addition, the values of pHf were all around 7.0 in
the experiment (data not given), which demonstrated that
RMC showed satisfying adaptability with broad range of
phosphate concentration.
3.2.4. Factorial design for removal experiments

The significance of the three preceding adsorption parameters on the phosphate adsorption was evaluated by
using a 23 complete factorial design and the values of the
operating variables were shown in Table 1. The statistical significance of regression coefficients was evaluated
by F-test analysis of variance (ANOVA) which revealed
that this regression is statistically significant at 95% confidence level. In this way, the phosphate adsorption by RMC
could be expressed using Eq. (4):
Y=16.40-1.34x1-4.57x2+0.36x3+0.38x1x2-0.003x1x30.004x2x3

(4)
2

The model presented a correlation coefficient R and
R2 (adj) of 99.3% and 95.6%, and the value of F was

26.55 fitting the statistical model quite well. The statistical analysis of data obtained in this study showed that the
value of pHi (x2) had the greatest effect on phosphate uptake, followed by dosage (x1), dosage-pHi interaction (x1x2),
and initial phosphate concentration (x3). The negative coefficients of x1 and x2 indicated that the increase of pHi
could decrease the phosphate adsorption capacity, which
was agreement with the results of Figs. 4 and 3. Conversely, the coefficient value of x3 revealed a positive effect of
initial phosphate concentration on adsorption capacity,
while the low value indicated weak effect, in accordance
with the discussion in Section 3.2.3.
According to the 23 factorial design, interactions of
the three factors were still discovered. The positive coefficient value of x1x2 supported the promotion of the interaction between RMC dosage and pHi on phosphate adsorption. Furthermore, the higher value of qe was obtained
at the low levels of dosage (x1) and pHi (x2). Thus, it can
be concluded that the most important parameters affecting
the phosphate adsorption were pHi, followed by the dosage-pHi interaction.
3.3. Analysis of adsorption kinetics

The analysis of kinetics was used to describe the adsorption process and understand the rate controlling step.
In this study, kinetics and adsorption mechanism were
evaluated from two perspectives, diffusion kinetics and
reaction kinetics, synchronously.
3.3.1. Diffusion kinetics

Diffusion kinetics was analyzed with liquid film diffusion model and intra-particle diffusion model as shown
in the following equations:

ln (1 − F ) = −kl t
F=

qt
qe

qt = ki t 0.5

(5-1)
(5-2)
(6)

where, qt and qe are the amount of phosphate adsorbed at time t and equilibrium, mg/g. F is the adsorption
fraction at time t. kl is the liquid film diffusion rate constant, min-1, and ki is the intra-particle diffusion rate constant, mg·(g·min)-1.
The fitting results in Fig. 5(a) shows that the correlation coefficient (R2=0.9858) was much convincible obtained from liquid film diffusion kinetic model than that
from intra-particle diffusion kinetic model. Hence, it was
deduced that the primary diffusion process of phosphate
took place in the liquid film. A tri-linearity trend was
exhibited in Fig. 5(a)- , which revealed that three successive adsorption steps existed in the adsorption process of
phosphate on RMC. They described the external surface
adsorption correlated to the boundary layer diffusion, the
contribution of intra-particle diffusion and the equilibrium
stage, respectively. But, there was not any line for diffu-
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sion kinetic models to pass through the origin, indicating
neither liquid film diffusion nor intra-particle diffusion
which was the only rate controlling step of the adsorption
process [27].

The characteristic parameters of the three reaction kinetic models as well as the correlation coefficients R2 are
listed in Table 2. Pseudo-second order model provided the
best fit of the experimental data due to the highest value
of R2 (0.9982). This result implied that the process of
phosphate adsorption on RMC was mainly controlled by
chemisorption, or chemical binding caused by valency
forces involving sharing or exchange of electrons between
adsorbate and adsorbent [29]. Parallel-first order model
also provided good fit to the data with a lower adsorption
rate in the second process than that in the first process
(k2p<k1p). It suggested that there were two kinds of active
sites in the adsorption owing to H2PO4- and HPO42- [21]
which provided the theoretical basis for Eq. (3).

3.3.2. Reaction kinetics

Reaction kinetics was analyzed by pseudo-first order,
pseudo-second order, and parallel-first order models, using
the following equations:
(7-1)

qt = qe (1 − e− k12t )

(7-2)

t
1
t
=
+
2
qt k2 qe q e
− k1 p t

)

(

+ qe 2 1 − e

− k2 p t

)

3.4. Analysis of adsorption isotherm

Adsorption isotherm is a major tool to describe the adsorption properties. The physico-chemical parameters obtained by the regression method together with the theory
hypothesis give insight into surface properties and affinity
of adsorbent.
Langmuir isotherm is the most common model, which
is based on the assumption referring to homogeneous adsorption. Specifically, the adsorbed layer is one molecule in
thickness (monolayer adsorption), and adsorption can
only occur at definite limited numbers of localized sites. It
is identical and equivalent with no interaction between
adsorbed molecules. The mathematical expression with
two parameters is shown in Eq. (10):

(9)

where, k11 or k12 is the equilibrium rate constant for
pseudo-first order kinetic model, min-1; k2 is the equilibrium rate constant for pseudo-second order kinetic model,
g·(mg·min)-1; k1p and k2p are the equilibrium rate constants for the first and second reactions, min-1; qe1 and qe2
are the corresponding amount of phosphate adsorbed at
equilibrium, mg/g. Pseudo-first order model was based on
the hypothesis of single molecular reaction displayed in
adsorption process, while pseudo-second order model
assume bimolecular reaction. Parallel-first order model
was completely considered of both models above.
From Fig. 5(b), it could be found that the uptake of
phosphate adsorption onto RMC took place quickly during
the preliminary stage, and thereafter became slower, finally attained saturation after 240 min. This result could be
explained by the decrease of diffusion rate due to the
reduction of phosphate concentration and the depletion of
adsorption sites with the increase of time [28].
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where, Qm is the maximum monolayer adsorption capacity, mg/g; k is the Langmuir isotherm constant, L/mg;
Ce is the equilibrium concentration, mg/L; qe is the amount
of adsorbate in the adsorbent at equilibrium, mg/g.
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FIGURE 5 - The kinetics plots of phosphate adsorption on RMC. (a) Diffusion kinetics:ⅰ. Intra-particle diffusion model; ⅱ. liquid film
diffusion model; (b) Reaction kinetics:ⅰ. Pseudo-first order model of Eq. 7-1; ⅱ. Pseudo-first order model of Eq. 7-2; ⅲ. Pseudo-second
order model; ⅳ. Parallel-first order model (pHi=2, Ci=150 mg/L, V=40 mL, W=0.2 g, T=25 °C).
TABLE 3 - Adsorption isotherm parameters of phosphate adsorption process.
Adsorption isotherm
Langmuir

T=15 °C
Parameters
Qm=165.84 mg/g
k=0.0099 L/mg

T=25 °C
Parameters
Qm=157.23 mg/g
k=0.0106 L/mg

R2
0.9825

R2
0.9996

T=35 °C
Parameters
Qm=124.84 mg/g
k=0.0271 L/mg

R2
0.9695

TABLE 4 - Phosphate adsorption capacity of RMC at 25 °C compared with that of activated RMB.
Adsorbent
RMC

Modified method
RMC without any modification

RMB

RMB without any modification

RMB0.25
RMB700

RMB activated with HCl (0.25 mol/L)
RMB calcined at 700 °C for 2 h

Q (mg/g)
23.24 (Ci=150 mg/L)
13.9 (Ci=155 mg/L)
15.3 (Ci=155 mg/L)
26.4 (Ci=155 mg/L)
19.1 (Ci=155 mg/L)

The plots of Langmuir isotherm for phosphate adsorption are presented in Fig. 6 with respective correlation
coefficients of 0.9825 (15 °C), 0.9996 (25 °C) and 0.9695
(35 °C). The adsorption capacity (Qm) calculated from
Langmuir model, was found to be 165.84, 157.23 and
124.84 mg/g, respectively (Table 3). The similar reducing trend also had been found on phosphate adsorption by
goethite or aluminum oxide [11]. Parameters calculated
from this model are listed in Table 3. The Langmuir isotherm constant k was increased with temperature, indicating a strong desirable affinity between phosphate and RMC.
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FIGURE 6 - Langmuir isotherm for phosphate adsorbed onto RMC
(pHi=2, V=40 mL, W=0.2 g, t=24 h).

A dimensionless constant, commonly known as separation factor (RL), was used to do the further research.
RL =

1
1 + kC i

(11)

Reference
This work
[14]
[15]
[15]
[14]

values were in the range from 0.0356 to 0.7634, satisfying
the condition of 0<RL<1. It suggested that phosphate adsorption onto RMC was a favorable process.
The comparisons of phosphate adsorption capacity
among RMC, RMB and activated RMB are listed in Table 4.
They reported that the phosphate adsorption on original
RM B were 15.3 and 13.9 mg/g under the same experimental conditions, being lower than that of this study
(23.24 mg/g). According to the previous studies, acidification and heat-treatment were the two main modified
techniques for red mud, which could change the surface
properties and increase the binding sites. From the Table,
although the phosphate adsorption capacities of RMB were
enhanced by acidification and heat-treatment, they were
still lower, or mostly equal to the value of this experiment. Furthermore, RMC was more suitable for commercial and industrial application because the reduction of
wastewater produced during the activation process and
the consumption of energy.
Thermodynamic parameter ΔH (the change of enthalpy, kJ/mol) was calculated by the Clausius-Clapeyron
equation as Eq. (12):

	
  T = 25 C

20

Qm (mg/g)
157.23
95.86
113.87
161.61
155.20

T1T2
( log Ceq1 − log Ceq 2 )
T2 − T1

(12)

where, T1 and T2 are experimental temperatures, K,
Ceq1 and Ceq2 are the equilibrium concentrations of adsorbate estimated from the adsorption capacity (Qm) at
different temperatures. The result was ΔH = -10.01 kJ/mol
as a negative value, indicating an exothermic process and
chemisorption (usually ΔH = 8.4-41.8 kJ/mol for physical
adsorption) [11], in conformity with the foregoing conclusion.

The value indicates various adsorption natures including unfavorable (RL>1), linear (RL=1), favorable (RL<1),
and irreversible (RL=0). In this study, the calculated RL
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4. CONCLUSION
RM C copiously derived from bauxite calcination
method with scarce research was used in this work as a
promising adsorbent for phosphate removal from aqueous
solution. The BET surface area of original RMC could
achieve 23.29 m2/g. And based on the calcium-rich process,
RMC displayed a qualified adsorption capacity under appropriate operating conditions. The phosphate adsorbed
amount of RMC detected in this work was 157.23 mg/g at
25 °C, which was larger or, at least, equal to that of activated RMB reported in previous researches. The phosphate adsorption rate onto RMC was controlled by chemisorption, and the relative equilibrium could be achieved
quickly in 4 h. Among several adsorption parameters, pHi
was the most important factor influencing the adsorption
process. Under pHi of 2.0, the adsorption capacity reached
a peak value and the acid-base condition after adsorption
was became approximately at pH 7.0, which is ideal for
water-bodies. The investigation in this work confirmed
the availability of RMC as an adsorbent for phosphate
removal and the utilization of waste materials. Besides,
this utilization of RMC also could release land resource,
and eliminate its environmental risk caused by alkalinity.
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ACID TREATMENT ON DEWATERED SEWAGE
SLUDGE FOLLOWED BY CEMENT-BASED SOLIDIFICATION
Fanyong Song, Shugen Liu, Nanwen Zhu*, Haiping Yuan, Lin Gu
School of Environmental Science and Engineering, Shanghai Jiao Tong University, 800# Dong Chuan road, Shanghai, China. 200240

ABSTRACT
Solidification is broadly used for the pretreatment of
dewatered sludge before landfill. Acids extraction is one
of the various technologies used in the removal of heavy
metals from contaminated sewage sludge. This study investigated the effects and influences of different acid solutions in dewatered sludge (DS)’s solidification process.
1 ml H2SO4 (98%)/ 20g dry DS samples showed the best
results in compressive strength tests: 1735 kPa, 2420 kPa
and 2750 kPa compared to 1013 kPa, 1424 kPa, 1712 kPa
of DS+B samples which were cured for 7 days, 14 days
and 28 days respectively. pH values in the leachate of samples treated by acids were around 8 compared to 9.45 of
DS+B sample. TCLP results showed samples treated by
acids had considerably lower heavy metal concentrations
in leachate than the ones that were not treated by acids.
XRD and SEM helped us to learn the mineralogy and
morphology of samples.

KEYWORDS: dewatered sewage sludge; solidification; pH;
TCLP; compressive strength

1. INTRODUCTION
Sewage sludge is one of the end-products of the physical, chemical and biological operations employed in
municipal wastewater treatment systems. In the last decades, the major limitations in water disposal in addition to
the increase in the percentage of households connected to
wastewater treatment plants have produced a great increase in sewage sludge production. Consequently, the
world is currently undergoing a rapid increase in sludge
production for the foreseeable future and hence, it would
be necessary to ﬁnd new uses for these residues. [1]
The conventional disposals of sewage sludge include
land application, landﬁll, individual combustion [2,3] and
thermal treatment. are well established. However, several
technical issue limits these existing method, for example:
combustion of sewage sludge needs rigid controls on the
* Corresponding author

volatile pollutants generated [2,3] and farmland application is limited by the potential pollution of the metals
present in the sewage sludge [4] .
Because of its low economical cost and simple operation, landfill is still an important method used to dispose
dewatered sewage sludge, especially in many developing
countries. In China, for example, it was reported that more
than 60% of sewage sludges were transported to landfill
[5]. However, despite undergoing well dewatering process,
sewage sludge still has high water contents that are between 75%-85% [6]. The presence of toxic heavy metals
in the leachate is also one of the main concerns [7]. The
non-biodegradability and consequent persistence of these
heavy metals heighten the concern over the presence in
the environment. [8-10]
Stabilization/Solidification is a widely accepted treatment process for the immobilization of hazardous substances, such as heavy metals contained in wastes [11]. It is
broadly used as the pretreatment of the dewatered sewage
sludge before landfill [5]. The main purposes of S/S processes are to reduce the hazard of a waste by converting
the contaminants into less soluble, mobile or toxic forms
and to encapsulate the waste in a monolithic solid of high
structural integrity. This is usually done by using some
additives such as metal stabilization additives and binding
materials [12]. The materials used for solidification not
only solidify the hazardous waste by chemical means but
also insolublize, immobilizes encapsulate, destroy, sorb, or
otherwise interact with selected waste components [13].
S/S is also expected to be widely used in the future in treating other hazardous wastes prior to land disposal [7, 14].
At the same time, in order to minimize the prospective health risks of sludge during land application, various
methods for heavy metal removal from sewage sludge
have been extensively studied in recent years [15]. One of
the various technologies used in the removal of heavy metals
from contaminated sewage sludge is chemical extraction.
This process uses extracting chemicals such as inorganic
acids (sulfuric, hydrochloric and nitric), organic acids (citric and oxalic acid), chelating agents (ethylenediaminetetraacetic acid or EDTA and nitrilotriacetic acid or
NTA) and inorganic chemicals such as ferric chloride, for
treatment. [15] The chemical extraction process works on
the principle that when acid is added to the sludge, metal
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solubilization occurs due to the exchange of protons supplied by the addition of acid solution [16].
In a general way, after extraction, removal of the solubilized heavy metals from the extracting agents is accomplished by chemical sulﬁde precipitation and selective
ion-exchange [11]. The alkalinity of the solidification
binders could provide the precipitation and the hydration
process of the cement could provide the immobilization
and absorption, which is why acid treatment followed by
cement-based solidification was chosen to treat dewatered
sludge (DS).
There are many binder systems which are currently
available and widely used for solidification [17]. In this
study, Portland cement, fly ash and calcium chloride were
chosen to constitute the basic binders. Portland cement is
one of the most ordinary binders used for stabilization
matrix [18]. Fly ash is a by-product produced from fossil
fuel thermal power plants which contains high percentage
of silicon dioxide (SiO2), calcium oxide (CaO). There are
several reports investigating the good performance of flyash in S/S use [19, 20]. Calcium chloride was reported to
be helpful mixing with cement: the initial and final setting
times as well as bleeding were reduced while the early
strength was increased by incorporation of CaCl2 for
optimum dosages not exceeding 4% (with a recommended amount of 2%) [21, 22] .
This paper studies the effects of acid treatment on
dewatered sludge followed by cement-based solidification. Acid solutions coordinated with cement-based binders in S/S process were not reported. Different concentrated acids (sulfuric, hydrochloric, phosphoric and nitric)
and diluted acid solutions were tested to treat the sludge
before solidification. In particular, the effects of the tested
treatments on the compressive strength of the cementsolidified samples and on the release of specific metals
from the solid matrix were analyzed. The pH values of the
solidified sludge were obtained after the different treatments, as well as their mineralogy and morphology were
also investigated by XRD and SEM.
2. MATERIALS AND METHODS
2.1 Type of sludge

The sludge sample was collected from the sludge
treatment facility at Laogang Landfill, which lies in the

east of Shanghai, China. The dewatered sewage sludge
(DS) collected is a mixture from several central
wastewater treatment facilities which treat mostly domestic wastewater and a small amount of industrial
wastewater. Sludge sent to the treatment facility in
Laogang undergoes dewatering using ﬁlter press prior to
disposal mostly by landﬁlling. The physical-chemical
characteristics of the sludge were given in Table 1.
The sludge was dried in an oven at 120 oC for 24
hours and was then ground into fine particles before S/S
process.
TABLE 1 - Dewatered sludge characteristics
Parameters
Dewatered Sludge
Moisture (%)
80.24
TS (%)
19.76
Organic matter (VSS/SS%)
50.23
pH
7.31
Heavy metals (mg/kg dry sludge)
As
59.21
Cr
63.18
Cu
146.96
Ni
49.82
Pb
38.56
Zn
680.14
Cd
23.42
2.2 Stabilization / Solidification binder composition

This experiment used Portland cement typed CEM I
42,5 as the binder. Additives included fly ash and calcium
chloride. Fly ash used in this experiment was collected
from Wu Jing Electrical power plant in Shanghai, China.
The main composition of 42,5 cement and fly ash was
shown in Table 2. Calcium chloride was of analyticalreagent grade. Deionised water was obtained from a Millipore Milli Q system.
TABLE 2 - Main composition of 42,5 cement and fly-ash
42,5 cement (%)
Fly-ash (%)

SiO2
19.83
49.30

Al2O3
4.18
33.01

Fe2O3
3.20
4.84

CaO
61.62
2.98

MgO
4.09
0.95

SO3
3.93

From Table 3 it can be noticed that the use of calcium
chloride could increase the compressive strength with the
mortars containing higher amount of binders giving better
results in compressive strength. Binders used in the DSFC
mixture (50% cement, 47% fly-ash and 3% CaCl2) were
chosen to be the basic stabilization/solidification binders
in this study.

TABLE 3 - Compressive strength test results
Sludge
binder/DS
Cement/binder (%)
DS
1/1
100
DSF
1/1
75
DSFC
1/1
50
DSC
1/1.5
97
DS
1/3
100
DS
1/5
100
DS: Dewatered Sludge; F:Fly-ash; C: CaCl2

Fly-ash/binder (%)
0
25
47
0
0
0
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CaCl2/binder (%)
0
0
3
3
0
0

Compressive strength (KPa) (14 days)
1230
1140
1424
1086
786
560
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2.3 Sample preparation

2.5 XRD and SEM analysis

Put dried dewatered sludge in breakers and water was
then added at a water/DS ratio of 4:1. The slurries were
mixed with manually by using a rubber spatula. Measured
amounts of acid solutions (concentrated and distilled) were
then added into each breaker. Water was used instead of
acid solution for the blanket sample. After two hours of
contact, metal extraction was seemed to be almost completed [8]. Binders were then added to the acid-treated
sludge at a binder to dried dewatered sludge ratio of 1:1.
For the convenience of compressive strength tests, the mixtures were then put into a mold and were made into
40×40×40 mm cubes. After 24 hours of setting, mold was
taken off and the samples were placed in a thermostat where
the temperature was set at 20 centidegree. The specimens
produced were cured for 7 days, 14 days and 28 days.

XRD analysis was applied to assess the mineralogy of
the S/S samples and the microstructures of the solidified
sewage samples were learned using SEM techniques.
Before the test, after 14 days of curing, samples treated by
different concentrated acids and the blank sample were
immersed in the anhydrous alcohol to prevent the hydration reaction, and then dried out at 65oC. Then they were
ground to pass through a 100 mm sieve. X-ray diffraction
analyzer (Rigaku Co., D/max-2200/PC) was used to investigate the constituents of the solidified samples and the
SEM imagining was used to obtain the micrographs of the
solidified samples.

2.4 Leaching test

3.1 Compressive strength test

Samples cured for 14 days were ground to pass through
a 100 µm sieve to assess for their leaching tests for heavy
metals and pH values. The heavy metal tests were performed based on TCLP test (EPA method no. 1311, aqueous solution of acetic acid, pH 2.88±0.05, liquid/ solid ratio
20:1, leaching time 18 h). The leachate was filtered and
the filtrate was analyzed for metal concentrations using
ICP-AES (Iris Advantage 1000).
In order to evaluate the leaching behavior of the stabilized sludge at its natural pH, the pH tests were performed based on the procedures described in EN 12457-2.
According to this method, 20 g of the solid sample were
placed in a conical flask. Deionized water was added until
the solid/liquid ratio reached 1/10. The flask was rotated
at 10 rpm for 24 hours. The mixture was then filtered and
analyzed for pH values by PHS-711A.

Different kinds of acid solutions and different concentrations of sulfuric acid solutions were used to treat
dewatered sludge. Samples curing for 7 days, 14 days and
28 days were tested by determination of compressive
strength according to the methods described by the European Standard EN 196.1 [23].
Figure 1 showed the compressive strength results of
samples treated by various doses of sulfuric acid (conc.
98%). From Table 1 we could find that all the samples
treated by H2SO4 had higher results of compressive
strength than the samples which were not treated by acid.
Samples treated by 1 ml H2SO4/ 20g dry DS showed the
best result: compressive strength tests for 7 days, 14 days
and 28 days could reach 1735 kPa, 2420 kPa and 2750 kPa
respectively compared to 1013 kPa, 1424 kPa, 1712 kPa of
DS+B samples. When the amount of H2SO4 (conc. 98%)

3. RESULTS AND DISCUSSION

FIGURE 1 - Compressive strength results of samples treated by different dose of H2SO4 (conc. 98%)
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FIGURE 2 - Compressive strength results of samples treated by different concentrations of sulfuric acid
DS: Dewatered Sludge; B:Binders

FIGURE 3 - Compressive strength results of samples treated by different acid solutions
DS: Dewatered Sludge; B:Binders

added to the sludge was more than 1ml for every 20g dry
DS, the strength results decreased rapidly and when it was
more than 2 ml per 20g dry DS, the results were at almost
the same level. The eﬀects of different sulfuric acid concentrations on dewatered sludge treatment was depicted in
Fig. 2, which showed that the compressive strength re-

sults increased slightly with an increase in acid concentration (24.5%– 98%).
Hydrochloric, nitric and phosphoric acids were also
tested to treat dewatered sludge before solidification.
Figure 3 showed the compressive strength test results of
samples treated by different kinds of acid solutions. Due
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to the different concentrations of H+ in these acid solutions, different doses were used and appropriate amount
of water was added to guarantee the same amount of H+
and water were used in all the samples. From Fig. 3 it was
noticed that all the samples treated by acids showed higher
compressive strength results than the samples which were
not treated by acid. Samples treated by sulfuric and phosphoric acids had higher compressive strengths than the
ones treated by hydrochloric and nitric acids.
Acid solutions could increase the compressive strengths
of solidification products mostly because of the activation
of metals both in fly ash and sewage sludge. Activated
metals were then mixed together with cement and reactions occurred. Besides, the use of sulfuric acid brought in
not only H+, but also SO42-, which might cause the production of gypsum due to the presence of Ca2+. It was
widely reported that gypsum could increase the compressive strength in S/S use. Similarly the addition of phosphoric acid brought in not only H+, but also PO43-, which
might cause the generation of insoluble phosphate. Hence
we could find samples treated by sulfuric and phosphoric
acids to exhibit higher compressive strengths than the ones
treated by hydrochloric and nitric acids.
3.2 Leaching tests results
3.2.1 TCLP results

TCLP tests for heavy metal leach ability were carried
out for the samples treated by different concentrated acids
because of their promising performances in compressive
strength test. Dewatered sewage sludge was tested as the
control. The metals As, Cd, Cr, Cu, Ni, Pb and Zn were
chosen for this work because of their environmental
signiﬁcance as pollutants [24]. The results were given in
Table 4. From Table 4 we could find all the metals in the
leachate of dewatered sludge were at high level. Traditional cement stabilization/solidification process could
help stabilize some of the metals so that much lower concentrations of metals showed up in the leachate. Acid
treatments associated with the cement S/S processes could
convert more metals into stable phase. The acid-treated
cement-solidified samples had much less metals in the
leachate. This was mainly because the introduce of H+
before cement solidification could activate the metals in
the dewatered sewage sludge and then in the following
cement solidification process more metals were stabilized.
For Cu, Pb and Zn, there were 15.95 mg/L, 12.1mg/L and
21.2mg/L respectively in the leachate of DS+B sample.

However, there were only 0.586 mg/L, 0.9862 mg/L and
3.1059 mg/L in the leachate of DS+HCl+B sample. In the
leachate of DS+HNO3+B sample, the concentrations of
Cu, Pb and Zn were 1.074 mg/L, 1.12 mg/L and 4.0342
mg/L. in DSS+ H2SO4+B sample, they were 1.237 mg/L,
1.8653 mg/L and 3.0265 mg/L respectively. For the
TCLP test, phosphate acid showed the best result in all
the acid solutions tested in this study. The concentrations
of Cu, Pb and Zn in the leachate of DS+ H3PO4+B sample
were only 0.45 mg/L, 0.88 mg/L and 3.046 mg/L respectively. The lowest concentrations of Cd, Cr, and Ni in the
leachate were also found in DS+ H3PO4+B sample. This
was mainly because besides of the H+, the existence of
PO43- could participate with metals and convert them into
more stable phase. Concentrations of metals As, Cd, Cr,
and Ni of the samples treated by acids were all considerably lower than the results of DS+B sample. A conclusion
could be reached that the acid treatment in the cement
solidification process could stable more metals and less
metals would be released into the leachate.
3.2.2 pH results

pH test of the leachate was carried out based on the
EN 12457 standard test. The results were shown in Fig. 4.
pH values in the leachate of all the solidified sludge samples decreased with the increase of the leaching time,
showing the decrease of the buffering capacity of the S/S
waste matrix after leaching. pH values of the traditional
solidification method (DS+B) were quite high, starting at
a value of 11.58 in the beginning and stayed around 9.45
after 24 hours of leaching. The samples treated by acids
had lower pH values in the leachate than the DS+B one.
After 24 hours of leaching, the pH values of samples DS+
HCl+B, DS+HNO3+B, DS+H2SO4+B and DS+H3PO4+B
were 8.2, 8.34, 7.86 and 7.82 respectively. This is mainly
because both Portland cement and fly-ash in the binders
have alkaline compounds and when the acid-treated samples mixed with the binders, acids reacted with some of
the alkaline compounds so that the cured samples showed
lower pH values in the leachate
3.3 Microstructrual analysis results

The samples treated by different concentrated acids
were chosen for XRD analysis. Results were given in Fig. 5.
The XRD analysis (Fig. 5) had shown that there were
characteristic peaks of Ca2SiO4, CaCO3 and C-S-H in all
the samples. Ca2SiO4 was the main product in the hydra-

TABLE 4 - TCLP test results.
As(mg/L)
DS
13.192
DS+B
0.3304
DS+HCl+B
0.0575
DS+HNO3+B
0.0438
DS+H2SO4+B
0.024
DS+H3PO4+B
0.026
DS: Dewatered Sludge; B:Binders.

Cd(mg/L)
15.522
0.3353
0.0022
0.0013
0.0007
0

Cr(mg/L)
23.182
0.2377
0.0153
0.0303
0.0382
0.0256

Cu(mg/L)
54.75
15.95
0.586
1.074
1.237
0.45
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Ni(mg/L)
3.682
0.4442
0.2151
0.2211
0.258
0.1164

Pb(mg/L)
38.49
12.1
0.9862
1.12
1.8653
0.88

Zn(mg/L)
47.743
21.2
3.1059
4.0342
3.0265
3.046
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FIGURE 4 - pH test results of samples treated by different concentrated acid solutions
DS: Dewatered Sludge; B:Binders

FIGURE 5 - XRD analysis results. DS: Dewatered Sludge; B:Binders

A
B
FIGURE 6 - SEM photos of DS+B and DS+H2SO4+B samples: 5000X. A: DS+B; B: DS+H2SO4+B.
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tion process. The presence of CaCO3 was mainly because the presence of CaO in the fly-ash. C-S-H was an
ordinary product in cement-based hydration process.
Ca6Si2O9Cl2. 2H2O was found in DS+HCl+B sample
which was mainly because the use of HCl. We also found
CaSO 4 in DS+H 2SO 4+B sample and FeH 2P3O 10.H 2O in
DS+H 3PO 4+B sample.
Photographs in Fig. 6 showed the microstructures of
DS+B and DS+H2SO4+B samples using a scanning electron microscope. We could see Ca2SiO4 crystal, thus, confirming the XRD analysis results. The network-like structure in photo B could explain the higher compressive
strength result of DS+H2SO4+B sample than DS+B one
which was lamellar structure in photo A.

[7]

Cocke D.L., Mollah M.Y., Parga J.R., Hess T.R. and Ortego
J.D. (1992) An XPS and SEM/EDS characterisation of leaching effects on lead-doped and zinc-doped Portland cement. J.
Hazard. Mater. 30, 83–95.

[8]

Alvarez, E.A., Mochon, M.C., Sanchez, J.C.J. and Rodriguez, M.T. (2002) Heavy metal extractable forms in sludge
from waste-water treatment plants. Chemosphere 47, 765–
775.

[9]

McBride M.B.. (1995) Toxic metal accumulation from agricultural use of sludge: Are USEPA regulations protective?.
Journal of Environmental Quality. 24, 5-18.

[10] Waidmann, E., Hilpert, K., Schladot, J.D. and Stoeppler, M..
(1984) Determination of cadmium, lead and thallium in materials of environmental specimen bank using mass spectrometric isotope dilution analysis (MSIDA). Fres. J. Anal. Chem..
317 (3–4), 273–277.
[11] Veeken, A.H.M. and Hamelers, H.V.M.. (1999) Removal of
heavy metals from sewage sludge by extraction with organic
acids. Water Sci. Technol. 40(1), 129–136.

4. CONCLUSIONS
Dewatered sewage sludge could be solidified better
after acid treatment. DS+H2SO4+B samples showed the best
compressive strength results which could reach 2420 kPa
for 14 days. We tried different concentrations and found
H 2SO 4 of conc. 98% performed the best compressive
strength results. In the leaching tests we could find concentrations of metals were obviously lower in the samples
treated by acids. The pH values in the leachate of samples
treated by acids were much lower and were closer to 7 than
traditional S/S method.

[12] Daniels A.E., Kominsky J.R. and Clark P.J.. (2001) Evaluation of two lead-based paint removal and waste stabilization
technology combinations on typical exterior surfaces, J. Hazard. Mater. B 87, 117–126.
[13] Conner J. R. and Hoeffner S. L.. (1998) The history of stabilization/solidification technology, Crit. Rev. Environ. Sci.
Technol. 28, 325–396.
[14] Lo I.M.C., Tang C.I., Li X.D. and Poon S. C.. (2000) Leaching and micro structural analysis of cement-based solidified
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from contaminated sludge for land application: A review.
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ASSESSMENT OF HEAVY METAL DISSOLUTION
IN THE PROCESS OF COPPER HOT POT COOKING
Chunhui Zhang*, Wenwen Zhang, Jun Chen, Jingwen Li and Rongbo Wang
School of Chemical & Environmental Engineering, China University of Mining & Technology (Beijing), Beijing 100083, China

ABSTRACT
This study was conducted to investigate the pollution
of heavy metal dissolution in the process of copper hot
pot cooking. The soup samples were analyzed using copper hot pot filling with hot drinking water, one filled with
condiments and food, and another filled with nothing. Compared with Sanitary Standard for Drinking Water of China,
within 3 h of cooking time, for the pure water soup, all of
the dissolved heavy metals were below standard. For the
soup with condiment and food, dissolved As, Cr, Pb, and
Zn concentrations were less than standard. Sometimes,
dissolved Cd level was higher or lower than standard.
Dissolved Fe was less than standard within 2 h, but higher
than standard when cooking time was >2 h. When the
cooking time was 3 h, the Pi values of Cd, Cu, and Fe in
the copper hot pot soup with condiment and food exceeded 1.0 value, while the Pi values of As, Cr, Pb, and Zn
were lower than 1.0. The highest Pi value for Sn reached
73.64.

ions, such as As, Hg, Pb, Cd, Cr, Ni and Cu, were detected during cooking in copper hot pot [1-3]. Heavy metals,
such as Pb, Cd, Cu, and Zn, are considered to be the most
toxic elements in the environment and included in the US
Environmental Protection Agency (EPA) list of priority
pollutants [4]. Meanwhile, Hg, Pb, Cd and Ni are also
listed in the priority pollutants of China's wastewater
emission standards [5].
In this study, the potential heavy metal contamination
in the process of using copper hot pot was effectively
estimated. We will answer the following questions: as the
copper hot pot is mainly made of copper, zinc and other
metals, are there any heavy metals leaching from copper
hot pot? In view of human health, what kind or concentration of heavy metals dissolved in the hot pot soup is in a
safe range?
2. MATERIALS AND METHODS
2.1. Hot pot and food materials

KEYWORDS: Heavy metal; copper; zinc; hot pot; water pollution;
human health

The case material made of hot pot mainly consisted
of 60% Cu and 40% Zn. The structure diagram of copper
hot pot is illustrated in Fig. 1.

1. INTRODUCTION
Hot pot, consisting of a simmering metal pot of stock
at the center of the dining table, is very popular in China.
While the hot pot is kept simmering, ingredients are
placed into the pot and cooked at the table. Typical hot
pot dishes include thinly sliced meat, leafy vegetables and
seafood. In many areas, hot pot meals are often eaten in
the winter. Nowadays, hot pots are mainly made of aluminum or stainless steel, and use gas or electric sources of
heat. Still, traditional copper make the most widely used
hot pot because of its wonderful ability to diffuse heat,
and conduct it quickly and easily throughout its surface.
Few previous studies have been reported on assessment of heavy metal dissolution in the process of copper
hot pot cooking. It was reported that some heavy element
* Corresponding author

FIGURE 1 - Structure diagram of copper hot pot.

The food-stuffs, such as lamb, mutton, leafy vegetables, mushrooms, seafood, and noodles, are loaded into
the copper hot pot cooking broth from time to time. In our
experiments, two sets of copper hot pot were cooked simul-
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TABLE 1 - Apparatus operating parameters of ICP equipment.
RF Power
(W)

Nebulizer pressure
(MPa)

Observation
height
(mm)

Cooler flow
(L/min)

Aid flow
(L/min)

Sample flow
(mL/min)

Integration time
(S)

1150

0.20

15

15

0.5

1.5

Short-wave: 15
Long-wave: 5

TABLE 2 - The different concentrations of standard series solution.
No. of standard
series solution
1
2
3
4

As
0
0.5
1
5

Cd
0
0.5
1
5

Heavy metal (mg/L)
Cu
Fe
0
0
5
1
50
5
100
10

Cr
0
0.5
5
10

Pb
0
0.5
1
5

Sn
0
0.5
5
10

Zn
0
1
10
50

TABLE 3 - The linear equations and correlation coefficients.
Heavy metals
As
Cd
Cr
Cu
Fe
Pb
Sn
Zn

Linear equations
y = 1.007x - 0.011
y = 1.001x - 0.001
y = 0.997x + 0.009
y = 1.007x - 0.271
y = 1.014x - 0.057
y = 0.983x + 0.027
y = 1.038x - 0.150
y = 1.030x - 0.465

taneously. One copper hot pot was filled with condiments
and hot drinking water added to food-stuffs constantly,
while another one was only filled with hot drinking water
while heating. The cooking time was from 0 to 3 h. The
hot pot soup of different cooking times was selected as
water sample for analysis in the experiment.

Correlation coefficients
R² = 0.999949
R² = 0.999930
R² = 0.999954
R² = 0.999764
R² = 0.999807
R² = 0.999391
R² = 0.998985
R² = 0.998379

heavy metals, proper filtration pretreatment was adopted
with the copper hot pot soup sample with condiment and
food. The filtration pretreatment was as follows: the soup
sample was filtered through 45-µm filter paper, and then
filtered through a 0.45-µm membrane.
2.5. The linear equations and correlation coefficients of heavy
metals

2.2. Apparatus and operating conditions

An ICP 6300 inductively coupled plasma spectrometer (Thermo Fisher Scientific Company, Beijing, China)
was used for heavy metal analysis, in this study. The
ICP conditions include: echelle cross disperser, removable quartz torch, three-channel peristaltic pump, twodimensional array (CID) detector, 27.12 MH solid-state
generator, glass concentric nebulizer, cyclone spray chamber, and Synergy ultrapure water system (Millipore Corporation, USA). Apparatus operating parameters are shown in
Table 1.

The experiment data were processed, and the linear
equations and correlation coefficients of heavy metals were
acquired (Table 3).
2.6. Spectral wavelength selection

According to the element content of the sample and
the sensitivity of the selected spectral lines, the spectral
wavelengths of metal elements for analysis were selected
as following (Table 4).
TABLE 4 - The selected spectral wavelengths for analysis.

2.3. Standard solution and reagents

Heavy metals
As
Cd
Cr
Cu
Fe
Pb
Sn
Zn

The standard solutions (12000 mg/L) of As, Cd, Cr,
Cu, Fe, Pb, Sn and Zn were offered by China National
Steel Material Testing Center. Appropriate volumes of
standard stock solution were transferred into flasks and
diluted with ultra-pure water. Then, the different concentrations of standard series solutions were prepared (Table 2).

Spectral wavelength (nm)
197.262
326.106
357.869
221.81
259.837
220.353
235.484
481.053

2.4. Pretreatment of samples

2.7. Heavy metal pollution assessment for copper hot pot

As animal and plant oils and other contaminations
could introduce serious errors in ICP measurement of

To evaluate heavy metal pollution of copper hot pot,
the pollution index method in accordance with Sanitary
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3. RESULTS AND DISCUSSION

Standard for Drinking Water [6] was employed. Pollution
load index (Pi) gives information regarding hot pot soup
quality suitable for human health. The pollution load
index expressed as the single index method can be calculated using the following formula [7]:
Pi =

Mean total contents of heavy metals, such as As, Cd,
Cr, Cu, Fe, Hg, Pb, Sn, and Zn, in hot drinking water,
which was poured into copper hot pot before cooking, are
presented in Table 5. The data indicate that the total concentrations of As, Cd, Cr, Cu, Fe, Hg, Pb, Sn, and Zn in
hot drinking water are lower than Sanitary Standard for
Drinking Water of China.

Ci
Si

where, Pi is the pollution load index for heavy metal
i, Ci is heavy metal concentration in the copper hot pot
soup (mg.L-1), and Si is the permitted standard of the same
metal (mg.L-1) (Table 1). If Pi > 1, the hot pot soup sample is classified as polluted, while Pi ≤ 1 suggests the
soup sample is unpolluted.

Generally, the process of eating with hot pot ends
within 3 h. Therefore, we examined the dissolute concentrations of heavy metals in the copper hot pot soup from 0
to 3 h. Hg concentration remained at 0 mg.L-1 within 3 h,
and other heavy metal concentrations are shown in Fig. 2.

TABLE 5 - Total contents of heavy metals in hot drinking water before cooking.
Heavy metals (mg.L-1)
Cu
Fe
Hg

Cd

Cr

0.0038±0.0012

0

0.0020±0.0007

0.5169±0.0124

0±0.0026

0.05

0.01

0.05

1.0

0.3

Heavy metal concentration (mg/L)

As

Pb

Sn

Zn

0

0.0010±0.0005

0

0.0161±0.0047

0.001

0.05

0.01

1.0

0.0600
0.0500
0.0400

Soup with condiment and food

0.0300

Pure water soup

0.0200

Sanitary standard for drinking water

0.0100
0.0000
-0.0100

0

0.5

1

1.5

2

2.5

3

-0.0200
Time (h)

(a) The concentration of As with cooking time.

Heavy metal concentration (mg/L)

Water sample or
standard
Hot drinking
water
Sanitary standard
for drinking water

Soup with condiment and food
Pure water soup
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(b) The concentration of Cd with cooking time.
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(c) The concentration of Cr with cooking time.
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(d) The concentration of Cu with cooking time.
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(e) The concentration of Fe with cooking time.
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(f) The concentration of Pb with cooking time.
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(g) The concentration of Sn with cooking time.
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(h) The concentration of Zn with cooking time.
FIGURE 2 - The change of heavy metals in the copper hot pot soup with cooking time.
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Pollution load index
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(a)
80.0000

Pollution load index

70.0000
60.0000
50.0000
40.0000
30.0000
20.0000
10.0000
0.0000
Sn
Heavy metals

(b)
FIGURE 3 - Pollution load indices of heavy metals in the copper hot pot soup with condiment and food when cooking time was at 3 hours.

Within 3 h of cooking time of copper hot pot, for the
pure water soup, all of the dissolved heavy metals were
below Sanitary Standard for Drinking Water of China.
However, for the soup with condiment and food, only dissolved As, Cr, Pb, and Zn levels were less than Sanitary
Standard for Drinking Water of China. Dissolved Cd
concentration sometimes was higher or lower than Sanitary Standard for Drinking Water of China. Dissolved Fe
was less than Sanitary Standard for Drinking Water of
China within 2 h but higher than Sanitary Standard for
Drinking Water of China when cooking time was >2 h.
According to Eq. of Pi,, the calculated Pi values of
As, Cd, Cr, Cu, Fe, Pb, Sn, and Zn in the soup with condiment and food of copper hot pot, when the cooking time
was 3 h, are presented in Fig. 3
As data indicate, the Pi values of Cd, Cu and Fe in the
copper hot pot soup with condiment and food (cooking
time 3 h) exceed 1.0 value. As compared to other heavy
metals, the highest Pi value for Sn reached 73.64. However, the Pi values of As, Cr, Pb, and Zn were lower than
1.0. In conclusion, the soup with condiment and food was
contaminated with As, Cd, Cr, Cu, Fe, Pb, Sn and Zn to
some extent. Among heavy metals, the pollution of Sn
was the most serious.

In recent years, with the public concerns about food
safety in China, many people suspected that there would
be leaching of heavy metals when eating the foods in the
copper hot copper. Based on the analysis results of this
paper, we can see that with the pure water soup in the copper hot pot, the dissolution concentrations of heavy metals
were far below Sanitary Standard for Drinking Water of
China [8]. As for the soup with condiment and food, the
dissolved concentrations of As, Cd, Cr, Cu, Fe, Pb, Sn, and
Zn were higher than Sanitary Standard for Drinking Water of China. It can be concluded that the dissolved heavy
metals did not originate from Cu casing of hot pot but added
condiments. Therefore, when high-quality condiments are
selected, we can enjoy the taste of copper hot pot safely.
However, many of the metals are essential at low concentrations for plants, animals and human health but at higher
concentration, they can be toxic. In some cases, the concentration of metals in different environmental media can
exceed the maximum tolerable level and cause harm to life.
For example, excess Sn and Cu would seriously endanger
people's health. Excess of Sn has teratogenic effects on
humans, and excessive Cu inhalation can cause poisoning
of humans [9-11]. Therefore, the choice of high quality of
condiments for copper hot pot is very essential for the food
safety.
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4. CONCLUSIONS
The pollution of heavy metal dissolution in the process of copper hot pot cooking was assessed. Within 3-h
cooking time, for the pure water soup in the copper hot
pot, the dissolution concentrations of heavy metals were
far below Sanitary Standard for Drinking Water of China.
As for the soup with condiment and food, the dissolved
concentrations of As, Cd, Cr, Cu, Fe, Pb, Sn, and Zn were
higher than Sanitary Standard for Drinking Water of China.
So, the dissolved heavy metals were not from copper casing of hot pot but added condiments. Therefore, the choice
of high quality of condiments for copper hot pot is very
essential for the food safety.

[10] De Haro, A., Pujadas, A., Polonio, A., Font, R., Vélez, D.,
Montoso, R. and Del Río, M. (2000) Phytoremediation of the
polluted soils alter the toxic spill of the Aznalcóllar mine by
using wild species collected in situ. Fresenius Environmental
Bulletin 9, 275-280.
[11] Hernandez, A. J. and Pastor, J. (2008) Relationship between
plant biodiversity and heavy metal bioavailability in grasslands overlying an abandoned mine. Environmental Geochemistry & Health 30, 127-133.
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ABSTRACT
A simple, rapid and accurate method was developed
and evaluated for the separation and preconcentration of
trace levels of Cr(III), Fe(III), Ni(II), Pb(II) and Zn(II)
ions in environmental samples, prior to their determinations by flame atomic absorption spectrometry (FAAS).
Ethyl 2-(4-methoxybenzoyl)-3-(4-methoxyphenyl)-3-oxopropanoylcarbamate (EMPC) was used as a complexing
agent. Effects of some analytical parameters on the extraction yield of the metal ions, such as pH of the aqueous
phase, amount of the EMPC reagent, volume of MIBK,
effect of ionic strength, back extractant type, sample volume, and foreign ions etc. were investigated. No interferences were observed due to major components and some
metal ions in the samples. The limits of detection (LOD)
were found in the range 0.3-0.7 µg L-1. The recoveries
were found to be higher than 95%, and the relative standard deviations (RSD) predicted less than 4% (n = 8). The
accuracy of the method was checked by analyses of a certified reference material and spiked samples. The developed
method was applied to several matrices, such as water and
food samples.

KEYWORDS: Trace element; separation; preconcentration;
solvent extraction; FAAS

1. INTRODUCTION
Due to their polyfunctional nature and high reactivity,
1,3,5-triketones are versatile reaction partners in a variety
of organic transformations, as well as valuable tridentate
ligands in coordination chemistry [1], being able to coordinate both one and two metal ions per molecule [2].
Triketones and their derivatives have long been known for
their extensive application as biologically active substances. Therefore, understanding the structure and reac-

tivity of triketone derivatives is crucial for further developments of other important biologically active molecules
[3].
The increase of industrial uses has intensified environmental pollution problems and the deterioration of
several ecosystems with the accumulation of many pollutants, such as toxic metals. Metal and heavy metal pollution
usually derive from pigments, mining, fertilizers and metallurgical processes. Growing attention is being given to
health hazards presented by the existence of heavy metals
in the environment; their accumulation in living tissues,
throughout the food-chain, poses a serious health problem
[4, 5].
Trace metal ion determinations are receiving at present particular attention due to their strong environmental
impact. The direct determination of metal traces in various samples usually requires an efficient preconcentration
step in order to bring the concentration of the analyte
within the dynamic measuring range of the detector and,
additionally, to eliminate matrix effects, interferences, which
cannot be manipulated by the measuring device [6]. For this
purpose, various preconcentration/separation methods, such
as solvent extraction [7-9], coprecipitation [10-12], ion
exchange [13], resin chelation [14, 15], and solid phase
extraction [16], have been widely used.
Solvent extraction is a very effective separation technique [17], finding numerous applications in modern analytical chemistry [18, 19]. It has been widely used as one of
the techniques by which trace metal ions in aqueous solution could be separated and concentrated [20]. Solvent
extraction provides a convenient way to the problem, and
it has been widely used for the separation of various metal
ions. The selection of an appropriate extracting agent
which plays a crucial role is a keyword to the success of
its solvent extraction separation [21]. However, the commercialization of iron and zinc extraction is hardly available in the published reports.
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This study describes a solvent extraction procedure
that uses ethyl 2-(4-methoxybenzoyl)-3-(4-methoxyphenyl)3-oxopropanoylcarbamate (EMPC) reagent as a chelating
ligand for separation/preconcentration of Cr(III), Fe(III),
Ni(II), Pb(II) and Zn(II) ions from different matrices. The
aim of the presented work is to establish a new precise and
accurate extraction procedure for the metal ions present at
trace levels in environmental samples, prior to their flame
atomic absorption spectrometric determinations. The analytical conditions for the quantitative recoveries of the
analyte ions including pH, amount of the ligand, sample
volume, etc. were investigated. Herein, we report the usefulness of the EMPC reagent to separate and concentrate
the metal ions in environmental samples. The structure of
EMPC is presented in Fig. 1, and it has been evaluated
regarding its adequacy to accomplish such an aim.
O

OH

O
NH

Ar

O
NH

Ar

COOEt
Ar

O

Ar: MeO - Ph (4)

COOEt
Ar

O

ware used was cleaned by soaking overnight in diluted
HNO3 (1:5, v/v), and then rinsed with deionized water
several times. Ammonia/ammonium chloride buffer
solutions were prepared by mixing appropriate amounts
of 1.0 mol L-1 ammonia and 1.0 mol L-1 ammonium chloride solutions for pH 9. In order to adjust the ionic strength
of the aqueous extraction media, 20 ml of 1 mol L-1
NaClO4 was used.
2.3. Synthesis of the EMPC Reagent

2,3-Dihydro-4-(4-methoxybenzoyl)-5-(4-methoxyphenyl)furan-2,3-dione (1.0 g, 2.96 mmol) and ethyl carbamate (0.26 g, 2.96 mmol) were refluxed in 50 ml of
toluene for 4 h. The toluene was evaporated and the remaining oily residue was triturated with anhydrous diethyl ether. The white crude product was recrystallized from
ethyl alcohol and dried on P2O5 (yield: 0.95 g, 81%).
Then, the obtained EMPC reagent was characterized by
melting point (155 °C), FT-IR and elemental analyses.
The characterization results achieved were in agreement
with the published information [22, 23].
2.4. Analytical Procedure

FIGURE 1 - Keto-enol tautomerism of the EMPC reagent.

2. MATERIALS AND METHODS
2.1. Apparatus

A PerkinElmer model AAnalyst 800 atomic absorption spectrophotometer (PerkinElmer, Inc., Shelton, CT,
USA) equipped with an air-acetylene flame and a deuterium background corrector was used for determining the
concentration of trace metals in aqueous phase after back
extraction. The operating parameters for the studied elements were set as recommended by the manufacturer. A
Consort model C533 pH-meter combined with a glasselectrode was employed for measuring pH values in the
aqueous phase. Infrared spectra were recorded on a Jasco
FT-IR 460 plus spectrophotometer (Jasco Co., Tokyo,
Japan). Elemental analysis was performed on a Carlo
Erba CHNS-O EA 1108 apparatus (Carlo Erba Instruments, Milan, Italy). A Buchi 510 melting point apparatus
(Büchi, Flawil, Switzerland) was used.
2.2. Reagents and Solutions

All reagent and solvents were of analytical reagent
grade (Merck and Fluka), and all solutions were prepared
in deionized water. The stock solutions of Cr(III), Fe(III),
Ni(II), Pb(II) and Zn(II), 1000 mg L-1 in 2% HNO3, were
prepared from their nitrate salts. Stock solutions were
diluted daily for obtaining working solutions. The EMPC
reagent has already been synthesized and characterized
(see Fig. 1) as described in the literature by Saçmacı et al.
[22]. The 0.1% (w/v) EMPC solution (3.0×10-3 mol L-1)
was prepared daily by dissolving the required amount of
the reagent in ethanol immediately before use. The glass-

The proposed procedure was modified by using model
solutions before their application to various samples. For
this purpose, to 170 ml of the model solution containing
20 µg of Cr(III), Fe(III), and Pb(II), 10 µg of Ni(II),
and 2 µg of Zn(II) ions in a 250-ml beaker, were added
20 ml of 1 mol L-1 NaClO4 solution for keeping ionic
strength constant, and 10 ml of 3.0×10-3 mol L-1 EMPC
solution in ethanol, and the pH of this solution was adjusted to 9 by adding 2 ml of NH3/NH4Cl buffer solution.
After stirring the mixture on a magnetic stirrer for 10 min,
the solution was transferred into a separatory funnel. A
shaking time of about 1 min by hand was sufficient to
obtain reproducible results, and then, the two phases were
allowed to separate. In most cases, the distibution equilibrium was attained in less than 5 min. In all cases, the aqueous/organic phase volume ratio (Vaq/Vorg) was maintained
between 33 and 50. The metal complexes were extracted by
shaking the mixture with 6 and 4 ml portions of methyl
isobutyl ketone (MIBK) for 1 min, for each case. The two
phases were allowed to separate, and then the organic
phase was transferred into another separatory funnel. To
this organic phase for stripping (back-extracting) the analytes, 5 ml of 2 mol L-1 HNO3 solution was added and
thoroughly mixed, and waited for establishing the equilibrium between the two phases. So, the chelate compounds
have been back-extracted into 2 mol L-1 HNO3 solution.
The time required for a complete separation was about 10
min. The aqueous phase was analyzed for Cr(III), Fe(III),
Ni(II), Pb(II) and Zn(II) concentrations by FAAS.
2.5. Applications to Real Samples

In order to ascertain the accuracy of the proposed
procedure, the method was put into practice for the analysis of trace metal ions in two certified reference materials
(LGC6019 river water and INCT-TL-1 tea leaves). At
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first, the method was applied to the determination of trace
metal ions in LGC6019 river water sample. The pH of the
reference water sample (25 ml) was adjusted to 9 with
2 ml of NH3/NH4Cl buffer solution. Afterwards, the extraction procedure given above was applied to the sample.
Secondly, 0.1 g of INCT-TL-1 tea leaves sample was
digested with 6 ml of HNO3 (65%, w/w) and 2 ml of
H2O2 (30%, w/w). The digestion process was performed
by heating the sample solution to near dryness on a hot
plate, and then, the acidic solution was neutralized with
6 mol L-1 NaOH solution. Blank analyses were carried out
in the same way without sample. Then, the preconcentration/separation procedure given above was applied to the
obtained sample solutions. The final volume was 5 ml.
The proposed procedure has also been applied to tap
water, river water, sea water, and rain water. The samples
were filtered through a cellulose membrane filter (pore
size 0.45 µm). The pH of the samples was adjusted to 9
with NH3/NH4Cl buffer solution. Then, the procedure was
applied to the water samples. Blank analyses were carried
out in the same way without sample. The final volume
was 5 ml.
The digestion of 0.5 g of black tea, green tea, cinnamon and dill samples was performed with a mixture of 10
ml of concentrated HNO3 and 4 ml of concentrated H2O2
by heating on a hot plate. After evaporating to near dryness, the volume of the digests was made up to 170 ml
with distilled water. Blank solutions were prepared in the
similar way without sample. Then, the proposed preconcentration/separation procedure given in Section 2.4 was
applied. The levels of the analyte ions in the final solutions were determined by FAAS.

on the pH of the medium [19]. The optimum pH value for
quantitative extraction of the metal ions was ascertained
by measurements of metals in aqueous solutions backextracted. First, the effects of pH were examined in the
pH range of 1-10. As can be seen in Fig. 2, all the analyte
ions were quantitatively recovered in the pH range of 8-9.
The decrease in extraction efficiency and/or recovery at
low pH values, below pH 7, might be due to the weak
attraction between the metal ions and the ligand having
carbonyl groups, which are responsible for the chelation
to the metal ions. This could be explained by the attack of
H+ on these centers in acidic medium. By increasing the
pH, the concentrations of protons decreased, in addition to
formation of enolic OH groups, which can easily have
negatively charged oxygen beyond pH 7. Thus, strong
chelating sites in the ligand would be available. In the
light of these results, pH 9 was chosen as the working pH.
3.2. Amount of EMPC

The influence of the EMPC concentration on the extraction efficiency of the analytes was evaluated in the
concentration range of 3.0×10-5 to 2.25×10-4 mol L-1 (by
using 2-15 ml from 3.0×10-3 mol L-1 EMPC). The recoveries of the analytes increased with increasing concentrations of the EMPC reagent. Quantitative recovery values
for the analytes were obtained after the concentration of
7.5×10-5 mol L-1 EMPC (5 ml of 3.0×10-3 mol L-1 EMPC),
except for Ni(II) which decreased from the addition of 12
ml reagent (see Fig. 3). The low recovery values observed
at low concentrations (< 7.5×10-5 mol L-1 EMPC) may be
related to the insufficient reagent levels in the working
medium. The further studies were carried out with a 10ml of 3.0×10-3 mol L-1 EMPC ligand.
3.3. Sample Volume

The influence of sample volume on the recoveries of
the analytes was studied by varying the sample volume from

3. RESULTS AND DISCUSSION
3.1. Effect of pH

Binding of the metal ions to the chelate compounds in
the solvent extraction is known to be heavily dependent
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FIGURE 2 - Effect of pH on the recovery of the analytes (amount of EMPC: 10 ml of 3×10-3mol L-1; sample volume: 200 ml; ionic strength:
20 ml of 1 mol L-1 NaClO4; shaking time: 1 min; volume of MIBK: 6+4 ml; N = 3).
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FIGURE 3 - Effect of the amount of the EMPC reagent on the recovery of the analytes (pH: 9, sample volume: 200 ml; ionic strength: 20 ml
of 1 mol L-1 NaClO4; shaking time: 1 min; volume of MIBK: 6+4 ml).
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FIGURE 4 - Effect of sample volume on the recovery of analyte ions (pH: 9; amount of EMPC: 10 ml of 3×10-3 mol L-1; ionic strength: 20 ml
of 1 mol L-1 NaClO4; shaking time: 1 min; volume of MIBK: 6+4 ml).

1567

© by PSP Volume 21 – No 6a. 2012

Fresenius Environmental Bulletin

50 to 500 ml containing 20 µg of Cr(III), Fe(III), and
Pb(II), 10 µg of Ni(II), and 2 µg of Zn(II) ions. As can be
seen in Fig. 4, the quantitative results were obtained up to
a sample volume of 200 ml. After this point, the recoveries for the analytes decreased rapidly due to the excess
solubility of the solvent (MIBK) in the aqueous phase.
Thus, the preconcetration factor for the analytes was found
to be 40, calculated by the ratio of the highest sample volume (200 ml), and the final measurement volume (5 ml).
3.4. Solvent Selection

The choice of an appropriate solvent has a main role
in this method in order to achieve good sensitivity, precision and selectivity [24]. For the selection of the organic
solvents to be used, solubility tests were performed. The
solvents like CHCl3, CCl4, and MIBK were attempted for
the extraction of heavy metal ions from aqueous phase to

organic phase. The metal ion was not stripped at all when
CCl4 and/or CHCl3 (recovery for both solvents <15%)
were involved. Only the MIBK gave satisfactory results
(recovery ≥ 98%). Thereby, MIBK was used as extraction
solvent in the subsequent experiments.
3.5. Effect of Back-Extraction Agents

The reproducibility of the determinations is usually
worse in organic solvents than in aqueous solutions [25].
Because of this reason, two diluted acid solutions (0.11.0 mol L-1 of HCl and HNO3) were tested for the backextraction of the metal complexes from the organic phase
to the aqueous phase. 2 mol L-1 HNO3 was found as the
best back-extraction agent. The back-extraction process of
the metal complexes was carried out at one stage. The
back-extraction efficiency (recovery ≥ 95%) was found to
be quantitative in the case of 5 ml of 2 mol L-1 HNO3.

120
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FIGURE 5 - Effect of shaking time on the recoveries (pH: 9; amount of EMPC: 10 ml of 3×10-3 mol L-1; sample volume: 200 ml; ionic
strength: 20 ml of 1 mol L-1 NaClO4; volume of MIBK: 6+4 ml, N = 3).

3.6. Effect of Shaking Time

The effect of the shaking time on the extraction efficiency of the metal ions is considered to be of particular
importance for the determination of the studied metal
ions. The effect of shaking time on the solvent extraction
was examined in the range of 0.5 to 10 min. The recoveries of the metals were quantitative for all the shaking
periods. In all the subsequent studies, the optimum shaking time was chosen as 1 min. The results are shown in
Fig. 5.
3.7. Effect of Electrolytes

The extraction efficiency of the complexes was investigated in the presence of different electrolytes, such as
NaNO3, KNO3, NaCl and NaClO4. The addition of NaClO4

has proportionally resulted in an enhancement of AAS
signals for the analytes. In fact, the presence of the salt
increases the ionic strength of the solutions and decreases
the solubilities of the organic substances due to the salting
out phenomena [24]. In this regard, both sample and blank
solutions were adjusted to the desired ionic strength using
20 ml of 1 mol L-1 NaClO4.
3.8. Influences of Matrix Ions

To assess the possible applications of the procedure,
the effect of foreign ions which interfere with the determination of the metal ions by the presented method and/or
often accompany analyte ions in various real samples was
examined. A fixed amount (2-20 µg) of the analytes was
taken with different amounts of foreign ions, and the
recommended procedure was followed. The recoveries of
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the analytes were higher than 95%. Tolerable limit was
defined as the highest amount of foreign ions that produced errors not exceeding 5% in the determination of the
investigated analyte ions by the combination of EMPCMIBK solvent extraction procedure and flame atomic
absorption spectrometry. The results are summarized in
Table 1. As it is seen, large numbers of ions used have no
considerable effect on the determination of the analyte
ions.
On the other hand, a number of common major cations and anions like Na+, K+, Ca2+, Mg2+, SO42-, NO3-,
PO43-, and some metal ions, such as Cd2+, Cu2+, Fe2+,
Mn2+, and Co2+, were tested. It was observed that Na+ ions
up to 20,000 mg L-1; K+, Ca2+, Mg2+, SO42-, NO3- and
PO43- ions up to 5,000 mg L-1; and Cd2+, Cu2+, Fe2+, Mn2+
and Co2+ ions up to 10 mg L-1 did not interfere significantly with the proposed method. The effect of all the
interfering ions together on the extraction efficiency of
the method was also examined. No significant variation in
the recoveries was observed at concentrations given

above for the foreign ions. The recoveries for the metal
ions were quantitative (see Table 1). These results show
that it was possible to separate Cr(III), Fe(III), Ni(II),
Pb(II) and Zn(II) ions from other interfering ions.
3.9. Figures of Merit

The two analytical performance characteristics of the
proposed method, such as precision and limit of detection,
were examined. The limits of detection (LOD) for the
metal ions were studied by using 200 ml portions of the
blank solutions. The LODs were found to be 0.3, 0.4, 0.5,
0.6 and 0.7 µg L-1 for Cr(III), Fe(III), Ni(II), Pb(II) and
Zn(II), respectively, (N = 20, 3sblank/b), where b is the
slope of the calibration line and sblank is the standard deviation of the blank determinations [25]. In the calculations
of the detection limits, the preconcentration factor of 40
was taken into consideration. For the metal ions studied,
regression coefficients (R2) of the calibration curves were
at least 0.999. The precision of the method under the

TABLE 1 - Influences of some foreign ions on the recoveries of the studied trace elements (pH: 9; amount of EMPC: 10 ml of 3×10-3 mol L-1;
sample volume: 200 ml; ionic strength: 20 ml of 1 mol L-1 NaClO4; volume of MIBK: 6+4 ml; shaking time: 1 min; N = 3).
Ion

Concentration

(Added as)
(mg L-1)
+
Na
(NaNO3)
20,000
K+
(KNO3)
5,000
Ca2+
(Ca(NO3)2·4H2O)
5,000
Mg2+
(Mg(NO3)2·6H2O)
5,000
SO42(Na2SO4)
5,000
PO43(NaH2PO4·2H2O)
5,000
Cd2+
(Cd(NO3)2.4H2O)
10
2+
Cu
(Cu(NO3)2.4H2O)
10
Fe2+
(Fe(NH4)2(SO4)2·6H2O)
10
Mn2+
(Mn(NO3)2)
10
2+
Co
(Co(NO3)2·6H2O)
10
All of the ions given above at the same concentrations
a
Average ± standard deviation.

Recovery (%)a
Cr(III)

Fe(III)

Ni(II)

Pb(II)

Zn(II)

96 ± 1
101 ± 2
100 ± 2
96 ± 1
100 ± 2
99 ± 1
101 ± 1
98 ± 1
99 ± 1
98 ± 1
97 ± 1
97 ± 2

99 ± 1
102 ± 1
96 ± 1
95 ± 1
96 ± 1
98 ± 1
96 ± 1
99 ± 1
100 ± 1
96 ± 1
99 ± 1
98 ± 1

98 ± 1
99 ± 2
98 ± 1
95 ± 1
100 ± 1
95 ± 1
97 ± 1
96 ± 1
100 ± 1
99 ± 1
100 ± 1
99 ± 2

97 ± 1
99 ± 1
96 ± 1
95 ± 1
90 ± 1
100 ± 1
99 ± 1
100 ± 1
101 ± 1
96 ± 1
99 ± 1
96 ± 2

96 ± 2
95 ± 2
94 ± 1
98 ± 1
95 ± 1
99 ± 3
97 ± 1
96 ± 3
97 ± 3
98 ± 3
97 ± 3
95 ± 1

TABLE 2 - The results of accuracy test for samples (pH: 9; amount of EMPC: 10 ml of 3×10-3 mol L-1; sample volume: 200 ml; ionic
strength: 20 ml of 1 mol L-1 NaClO4; volume of MIBK: 6+4 ml; shaking time: 1 min; N = 3).
Element
Cr

Added (µg)

30
60
Fe
40
80
Ni
5
10
Pb
5
10
Zn
50
100
a
Average ± standard deviation.

Sea water
Found (µg)
65 ± 1
94 ± 2
124 ± 2
82 ± 1
121 ± 2
163 ± 2
4.9 ± 0.8
9.8 ± 1.1
4.8 ± 0.6
9.9 ± 0.9
122 ± 2
169 ± 2
220 ± 3

Added
(µg)
R (%)
97
98
98
101
98
98
96
99
94
98
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5
10
50
100
2.5
5
5
10
2.5
5

Dill samples
Found (µg)
4.8 ± 0.8
9.9 ± 0.9
98 ± 1
146 ± 2
195 ± 2
2.5 ± 0.1
4.9 ± 0.3
7.4 ± 0.6
4.9 ± 0.2
9.9 ± 0.5
3.6 ± 0.4
6.0 ± 0.5
8.5 ± 0.9

R (%)
96
99
96
97
96
98
98
99
96
98
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TABLE 3 - The levels of trace elements in the certified reference materials (pH: 9; amount of EMPC: 10 ml of 3×10-3 mol L-1; sample volume:
200 ml; ionic strength: 20 ml of 1 mol L-1 NaClO4; volume of MIBK: 6+4 ml; shaking time: 1 min; N = 3).

Element
Certified value

LGC6019
River water (µg L-1)
Found a

Cr(III)
0.78
0.77 ± 0.31 a
Fe(III)
287
286 ± 4
Ni(II)
4
3.9 ± 0.8
Pb(II)
5.2
5.0 ± 0.4
Zn(II)
59.7
58.8 ± 1.2
a
At 95% confidence level (mean ± t·s /√N).

Recovery
(%)
99
100
98
96
98

Certified value
1.91 ± 0.22
432
6.12 ± 0.52
1.78 ± 0.24
34.7 ± 2.7

INCT-TL-1
Tea leaves (µg g-1)
Found
1.9 ± 0.3
430 ± 5
6.08 ± 0.45
1.75 ± 0.22
34.3 ± 0.3

Recovery
(%)
99
100
99
98
99

TABLE 4 - The application of the presented method to the water samples for the determination of the analyte ions (pH: 9; amount of EMPC:
10 ml of 3×10-3 mol L-1; sample volume: 200 ml; ionic strength: 20 ml of 1 mol L-1 NaClO4; volume of MIBK: 6+4 ml; shaking time: 1 min; N
= 3, µg L-1).
Element
Tap water
River water
Sea water
Rain water
Cr(III)
-a
134 ± 2
61.2 ± 1.4
Fe(III)
2.42 ± 0.08 b
10.4 ± 1.2
321 ± 3
10.4 ± 0.6
Ni(II)
2.3 ± 0.4
32.3 ± 2.1
2.6 ± 0.9
Pb(II)
2.5 ± 0.4
32.2 ± 1.2
Zn(II)
7.8 ± 1.1
108 ± 2
65.4 ± 2.2
9.3 ± 2.4
a
Below detection limit; b At 95% confidence level (mean ± t·s/√N).
TABLE 5 - The application of the presented method to real samples for their heavy metal contents (pH: 9; amount of EMPC: 10 ml of 3×10-3
mol L-1; sample volume: 200 ml; ionic strength: 20 ml of 1 mol L-1 NaClO4; volume of MIBK: 6+4 ml; shaking time: 1 min; N = 3, µg g-1).
Sample
Cr(III)
Black tea
Green tea
3.2 ± 0.8
Cinnamon
Dill
a
At 95% confidence level (mean ± t·s/√N).

Fe(III)
2.1 ± 0.1
3.4 ± 0.5
6.7 ± 0.6
94 ± 2

Ni(II)
1.2 ± 0.2
2.1 ± 0.1

Pb(II)
0.9 ± 0.1
-

Zn(II)
9.9 ± 0.6
12.3 ± 0.6
0.8 ± 0.1a
3.5 ± 0.8

TABLE 6 - Comparative data from the works made recently for the determination of trace metal ions in various samples.
Method
Techniques Analytes
DL a (µg L-1)
RSD b (%)
PF c
Reference
d
Solvent extraction
FAAS
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn
0.33–0.9
≤ 4.0
20
[7]
Solvent extraction
FAAS
Fe, Zn
0.26–0.32
1.8-2.1
100
[9]
e
SPE
FAAS
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn
0.06–0.67
≤ 1.5
100
[14]
SPE
FAAS
Cd, Cu, Ni, Pb, Zn
2.35
2.31–4.0
17
[26]
SPE
FAAS
Cd, Co, Cu, Fe, Mn, Ni, Pb, Zn
0.3–13.9
1.01–2.58
100–300
[27]
Coprecipitation
FAAS
Cd, Cr, Mn, Ni, Pb
0.34–0.87
<10
50
[28]
Solvent extraction
FAAS
Cr, Fe, Ni, Pb, Zn
0.3-0.7
≤ 4.0
40
This work
a
DL: Detection limit; b RSD: Relative standard deviation; c PF: Preconcentration facto; d FAAS: Flame atomic absorption spectrometry; e SPE: Solid
phase extraction.

optimum conditions was determined by performing successive 10 extraction and back-extraction cycles, followed
by FAAS. The relative standard deviations for the metals
studied were lower than 4%.
3.10. Accuracy and Application of the Method

In order to estimate the accuracy of the procedure, increasing quantities of the analyte ions were spiked to sea
water and dill samples. These samples were submitted to
the preconcentration procedure. The results are given in
Table 2. A good agreement was obtained between added
and measured analyte amounts. The recovery values were
always higher than 95%. This confirms the accuracy of
the presented procedure, and its independence from the
matrix effects. It has been shown that the present method

can be applied for the separation/preconcentration of the
analyte ions in real samples.
The accuracy of the presented method was checked
by analyzing the certified reference materials. The certified and observed values of the analytes in LGC6019
river water and INCT-TL-1 tea leaves samples are given
in Table 3. The obtained results were in good agreement
with the certified values. It can be concluded that the
proposed method is free from interferences for river water
and tea leaves samples. The presented procedure was also
applied to some real samples, such as river water, sea
water, and rain water samples. The results are given in
Table 4. Also, the results obtained from the application of
the proposed method to different food samples can be
seen in Table 5.
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steel mill workers by electrothermal atomic absorption spectrometry. Toxicol. Ind. Health. 22, 381–393.

4. CONCLUSIONS
This paper reports on the developing of a new separation/preconcentration method based on the formation of a
chelating complex and its application to some environmental and food samples. The proposed method provides a
simple, fairly rapid and reliable technique for preconcentration and determination of the analyte ions. Also, it is very
important and fortunate for the analytical problem of the
determination of analytes in presence of alkali and alkaline
earth salts. Comparative data from the studies made recently
for the determination of trace metals ions in various samples are given in Table 6. As can be seen from the table, the
presented method has some advantages compared to most
of the others, from the point of view of the detection limit
and the relative standard deviation values. The total analysis time of the method, except for the dissolving time required for solid samples, is about 30 min. An apparent
extraction equilibrium is reached within 3 min. The method
is very simple, reproducible and rapid, and requires only 15
min for the separation and determination of the analyte
ions. The back extraction of the analyte ions from the organic phase can easily be achieved using 5 ml of 2 mol L-1
HNO3 solution. The simultaneous determination of the 5
elements is another advantage. The technique can be applied
to environmental samples without the risk of contamination.
The results of the analyses of the standard reference materials confirmed the reliability of the procedure.
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CHEMICAL COMPOSITION AND FUMIGANT ACTIVITY OF
ESSENTIAL OILS OF THREE LAMIACEAE SPECIES AGAINST
GERMAN COCKROACH (Blattella germanica L.)
Emre Oz*, Huseyin Cetin and Atila Yanikoglu
Akdeniz University, Science Faculty, Biology Department, 07058 Antalya, Turkey

ABSTRACT

tivity and shorter period of time metamorphosis (developmental or pubescence) than other cockroach species [8].

The aim of this research was to evaluate the fumigant
activity of essential oils obtained from aerial parts of three
Lamiaceae plants [Mentha longifolia L. subsp. typhoides
(Brig.) Harley, Dorystoechas hastata Boiss. & Heldr. ex
Bentham (endemic), and Origanum minutiflorum O.
Schwarz et. H. Davis (endemic)] which naturally grow in
Antalya region on 10-15 days old (2 nd or 3 rd instar)
nymphs of German cockroach (Blattella germanica L.) at
different concentrations ranging from 25 to 500 µl/L. GCMS analysis revealed the presence of 1,8-cineole (25.9%),
borneol (18.98%) and camphor (16.93%) in D. hastata, carvacrol (97.93%) in O. minutiflorum, as well as cis-piperitone
epoxide (53.25%) and piperitenone oxide (31.46%) in M.
longifolia subsp. typhoides. When all essential oils were
compared on the basis of fumigant toxicity, D. hastata
essential oil is a more statistically significant fumigant
than the other two essential oils at 100, 200 and 300 µl/L
levels. There is no significant difference found at these
concentrations between M. longifolia and O. minutiflorum
essential oils. Moreover, at application levels of 400 and
500 µl/L, the most toxic essential oil was also from D.
hastata, followed by those of M. longifolia and O.
minutiflorum, respectively.

KEYWORDS:
Blattella germanica; Dorystoechas hastata; essential oils; fumigant activity; Mentha longifolia; Origanum minutiflorum.

1. INTRODUCTION
The German cockroach, Blattella germanica L., is a
very important vector that coexists in human habitats
(homes, restaurants, food processing plants, serving facilities). It is a carrier of pathogenic organisms like bacteria,
viruses, fungi as well as germ of asthma, dysentery, and
hepatitis [1-4]. The shed skins of German cockroach caused
allergic reactions occurring in young children [5-7]. German cockroach is notable for smaller size, higher produc-

Turkey is situated at the intersection of three phytogeographic regions, and it is also a natural bridge between
Europe and Asia continents. The flora of Turkey includes
more than 9000 plant species of which more than 3000
are endemic. The Labiatae family (Lamiaceae), with 236 genera and 6900 to 7200 species worldwide, is the third
largest family in the flora of Turkey [9]. Many species of
the family are widely cultivated and used in different industries for making spices, perfumes, soaps, detergents, and
traditional drugs [10]. In addition, the essential oils and
their active compounds obtained from this plant family
have been found to be toxic against a variety of pest insects [11-14].
Repellent and fumigant activities of essential oils and
their major compounds derived from plants were studied
against cockroaches. For example, Phillips and Appel [15]
investigated 12 essential oil compounds [carvacrol, 1,8cineole, trans-cinnamaldehyde, citronellic acid, eugenol,
geraniol, S-(-)-limonene, (-)-linalool, (-)-menthone, (+)alpha-pinene, (-)-beta-pinene, and thymol], the basis of
fumigant activity against B. germanica, and found that
1,8-cineole was the most toxic compound against adults,
large nymphs and gravid females. Origanum majorana L.
essential oil and main compounds (41 monoterpenoids and
2 sesquiterpenoids) were evaluated against B. germanica
via fumigant assays; the authors found that the toxicity of
marjoram oil, thymol, α-terpineol, (-)-α-thujone, linalool,
1,8-cineole, (-)-camphor, and (+)-carvone was higher than
that of propoxur which is a carbamate insecticide [13].
Chang and Ahn [16] reported that (E)-anethole main component of Illicium verum Hook. f. fruit extract showed
high fumigant activity against B. germanica. Essential
oils of grapefruit, lemon, lime and orange from the citrus
family Rutaceae showed repellent activity against 3 cockroach species, B. germanica, Periplaneta americana L.
and Periplaneta fuliginosa Serville [17].
Until now, there has been only one research about
fumigant activity against B. germanica from Turkey. In
this research, allyl isothiocyanate (compound of horserad-
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ish) and the essential oil of Allium sativum (L.) (Liliales:
Liliaceae) at concentrations of 2.5 and 5 µl/L of air, respectively, had fumigant activity, while the essential oils
of Thymus vulgaris (L.) (Lamiales: Lamiaceae), Oregano
dubium (L.) (Lamiales: Lamiaceae), Allium cepa (L.)
(Liliales: Liliaceae), and Rosemarinus officinalis (L.) (Lamiales: Lamiaceae), and their compounds eugenol, carvacrol and citronella, at the level of 5 µl/L of air did not
display any insecticidal activity [18]. Deveci et al. [19]
reported that the essential oil of Schinus molle L. (Anacardiaceae) leaf extract showed no significant repellency,
with regard to the positive control, DEET (N, N diethylm-toluamide), while hexanic extract of the leaf showed
good repellency (83.33%) at the highest concentration
(0.075 mg/L) against the oriental cockroach (Blatta orientalis L.).
Therefore, the aim of this research was to evaluate the
fumigant activity of essential oils obtained from aerial
parts of 3 Lamiaceae plants [Mentha longifolia L. subsp.
typhoides (Brig.) Harley, Dorystoechas hastata Boiss. &
Heldr. ex Bentham (endemic), and Origanum minutiflorum
O. Schwarz et. H. Davis (endemic),] naturally grown in
Antalya, Turkey region, on 10-15 days old (2nd or 3rd instar)
nymphs of German cockroach.
2. MATERIALS AND METHODS

2.2 Test insects

An insecticide susceptible strain B. germanica, population of Denmark origin, obtained from Dr. Oner Koçak
(Hacettepe University, Pesticide Test Laboratory, Ankara,
Turkey) and maintained in the laboratory for 20 years was
used in these experiments. The colony was maintained at
26±2 °C, 60±10% relative humidity, and a photo period
of 12:12 h. The cockroaches were reared in 5-L cylindrical plastic containers, provided with cracker and a cotton
ball saturated with water in plastic cups. Cardboards were
placed in the 5-L cylindrical plastic container as shelter
(diameter 4.5 cm, height 10 cm). In the experiments, 1015 days old (2nd or 3rd instar) nymphs of German cockroach
were used.
2.3 GC-MS analysis

Compounds of the essential oils were fractionated and
analysed by GC-MS (Agilent 6890 GC System, with 5973
MSD) in Tübitak Laboratory, Ankara. Helium (1 ml/min)
was used as carrier gas. Initial oven temperature was 40 °C
(held for 2 min), with a 5 °C/min dynamic ramp to 200 °C
(held for 10 min). A HP-5MS (30 m x 0.25 mm x 0.25 µm)
column was used in GC-MS system. Identification of the
distillate compounds was performed by computer search
in commercial reference libraries (WILEY and NIST05),
and the fragmentation patterns of the mass spectra were
compared. The names, retention times and percent rates of
the compounds analyzed are listed in Table 2.

2.1 Plant materials and isolation of essential oils

The flowering aerial parts of the 3 plants [Mentha
longifolia L. subsp. typhoides (Brig.) Harley, Dorystoechas
hastata Boiss. & Heldr. ex Bentham (endemic) and Origanum minutiflorum O. Schwarz et. H. Davis (endemic)]
were collected (1 kg) from Antalya region in July 2009
and 2010. Localities, altitudes and coordinate codes of the
collected plant materials are given in Table 1. Taxonomic
identification was performed by botanists from the Biology Department, Akdeniz University, Antalya, Turkey,
where voucher specimens were deposited. After collecting, all plant materials were stored at a safe and dry place
and room temperature for 2 weeks so that they could dry
completely. Dried plant samples were blended, and about
200 g of dried aerial parts of plants were placed in a
volumetric flask (4 L), then put in enough distilled water,
and subjected to hydrodistillation for 3 h by using a
Clevenger-type apparatus. Essential oils obtained from
plants were stored at 4 °C until tests and analyses.

2.4 Fumigant activity assays

Fumigation assays were done according to the method
described by Cetin et al. [20]. The 250-ml glass jars were
used in fumigation, and fumigation time was designed to
be 120 h. Dorystoechas hastata essential oil was tested at
25, 50, 100, 200, 300, 400 and 500 µl/L while Origanum
minutifulorum and M. longifolia subsp. typhoide essential
oils were tested at 100, 200, 300, 400 and 500 µl/L. Firstly,
test concentrations of pure essential oils were applied on
dryer sheets (Whatman No. 1) with automatic pipette, and
they were put in a small thin tube, and the mouth of tubes
was shirred with a perforated curtain. Then, tubes were
placed in test jars. Essential oil was not applied on dryer
sheets (Whatman No. 1) for control groups. Ten nymphs
were placed in glass jars for each concentration of essential oils. Three replicates of each concentration were made
once, and experiments were repeated three times on dif-

TABLE 1 - Locations, altitudes and coordinates of test plant species collected from Antalya, Turkey.
Plant species

Locations

Altitudes (m)

Kuzdere

1151

Mentha longifolia L. subsp. typhoides (Brig.) Harley

Feslikan yaylası

1719

Dorystoechas hastata Boiss. & Heldr. ex Bentham

Feslikan yaylası

1386

Origanum minutifulorum
O. Schwarz et. H. Davis
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Coordinates
N:37° 23’ 708”
E:31° 07’ 430”
N:36° 50’ 961”
E:30° 24’ 894”
N:36° 51’ 950”
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E:30° 24’ 787”
TABLE 2 - Compositions, retention times and percent yields of the essential oils obtained from Lamiaceae species.
O. minutiflorum
Compounds
RT
α-pinene
8.3
camphene
8.73
delta-3-carene
9.58
mentha-2. 4 (8) –
10.84
diene para
o-cymene
11.07
p-cymene
11.24
borneol
15.3
terpinene-4-ol
15.67
α-terpineol
16.07
elsholtzia ketone
17.78
dehydro
carvacrol
19.22

%
0.34
0.21
0.03
0.15

Compounds
α-pinene
camphene
β-pinene
myrcene

D. hastata
RT
8.29
8.72
9.57
10.07

%
8.2
4.76
3.2
6.91

E-caryophyllene
viridiflorene

M. longifolia
Compounds
RT
tricyclene
8.29
sabinene
9.51
β-pinene
9.57
α-terpinene
10.83

4.16
0.96
1.26
0.68
0.15
0.69

γ-terpinene
α-terpinene
o-cymene
1,8-cineole
γ-terpinene
linalool

10.61
10.84
11.08
11.24
12.14
13.4

1.53
0.17
0.7
25.9
0.25
0.21

limonene
cineole
γ-terpinene
cis-sabinene hydrate
cis-sabinene hydrate
terpinene-4-ol

11.2
11.23
12.14
12.35
13.3
15.65

0.36
0.61
0.68
3.73
0.23
2.88

87.93

camphor

14.64

16.93

17.83

53.25

22.3
22.79

1.34
0.33

borneol
terpinene-4-ol

15.31
15.66

18.98
0.52

18.99
19.18

1.2
1.14

cis-β-guaınene
caryophyllene oxide
phenol. 2.3.5.6tetramethyl-

24.19
26.28
33.62

0.14
0.84
0.57

α-terpineol
bornyl acetate
caryophyllene

16.05
18.72
22.3

1.36
2.09
3.3

20.89
22.3
23.64

31.46
0.88
1.9

cyclohexene. 1methyl-4-

38.58

0.22

mentha-3.8-diene
para
guaiol
gurjunene
bulnesol

26.28

0.48

cis-piperitone epoxide
thymol
3-methoxy-2. 4. 6trimethyl-cyclohex2-enone
piperitenone oxide
E-caryophyllene
E-4-chloro-2.3dimethyl-1. 3-hexa
diene
γ-cadinene

23.84

0.52

26.61
27.96
28.19

3.59
0.24
0.36

%
0.26
0.22
0.36
0.32

RT: Retention times

ferent times. Tests were conducted at 26±2 °C, 60±10%
relative humidity and a photoperiod of 12:12 h dark in a
laboratory. Cockroaches were considered to be dead if
they lay on the back and legs did not move.
2.5. Statistical analysis

With more than 20% mortality rate in the control group,
experiment was cancelled and repeated. Analysis of variance
and Duncan's multiple comparison test were used to determine the statistical differences between applications [21].
3. RESULTS AND DISCUSSION
A total of 20 compounds, representing 99.9% of the D.
hastata essential oil, were identified. 1,8-Cineole (25.90%),
borneol (18.98%) and camphor (8.52%) were the most
abundant compounds of this essential oil (Table 2). In a
previous research, Kurtar-Ozturk [22] showed that 1,8cineole (8.3-21.15%), α-pinene (7.95-23.12%) and borneol
(7.29-18.0%) are major compounds of D. hastata plants
collected from different localities.
Origanum minutiflorum essential oil has 17 compounds,
and main compound of the oil determined by GC-MS was
cavracrol (87.93%) which is an oxygenated monoterpene.

This compound was previously detected in many studies
as main compound (68-90%) of the O. minutiflorum essential oil [23-26].
Of the 17 compounds determined in the essential oil
of M. longifolia subsp. typhoides, cis-piperitone epoxide
(53.25%), piperitenone oxide (31.46%), cis-sabinene hydrate (3.73%) and terpinene-4-ol (2.88%) represented
91.32% of the essential oil. Kakhky et al. [27] reported
that piperitenone epoxide (52.5-73.1%), piperitenone (11.227.2%), cis-piperitone oxide (25.8%) and borneol (13.5%)
were the main compounds in the essential oils of different
parts (flower, leaves, stem) of M. longifolia. An older
study made by Nori-Shargh et al. [28] showed that the oil
of M. longifolia consists of piperitenone oxide (23.5%), ßcaryophyllene (23.2%), piperitone oxide (17.5%), germacrene D (17.2%) and bicyclogermacrene (3.8%) as major
compounds. In addition to these studies, several studies
reported that pulegone, menthone, carvone and menthol
were the other main compounds of essential oils [29-35].
Several factors, such as geographic features, genetic
structure, collecting time, climatic factors, mode of distillation and plant parts (leaf, stem, flower) may affect the
levels of the active compounds of plant essential oils [29,
36, 37].
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When all essential oils were compared on the basis of
fumigant toxicity, D. hastata essential oil is a more significant fumigant than the other two essential oils at 100,
200 and 300 µl/L concentrations. There is no significant

difference, at these concentrations, between M. longifolia
and O. minutiflorum essential oils. Moreover, at the application concentrations of 400 and 500 µl/L, the most toxic

TABLE 3 - Fumigant activity of Dorystoechas hastata essential oil against B. germanica nymphs (percent mortality±SE).
Exposure times (h)
Concentrations
(µl/L air)
6
12
24
48
72
96
Control
0.0±0.0 ax.Ay
0.0±0.0 a.A
0.0±0.0 a.A
0.0±0.0 a.A
0.0±0.0 a.A
0.0±0.0 a.A
25
0.0±0.0 a.A
0.0±0.0 a.A
8.0±1.7 ab.B
8.0±1.7 ab.B
10.0±0.0 a.B
10.0±0.0 a.B
50
0.0±0.0 a.A
0.0±0.0 a.A
10.0±0.0 ab.AB 24.0±5.7 abc.B
52.0±6.2 b.C
60.0±5.3 b.C
100
0.0±0.0 a.A
2.2±1.4 a.A
13.3±2.7 ab.A
32.2±6.6 bc.B
55.6±7.2 b.C 70.0±6.9 bc.CD
200
0.0±0.0 a.A
1.1±1.1 a.A
23.6±7.9 ab.B
50.0±9.4 cd.C
71.1±8.1 bc.D 76.7±6.9 bcd.D
300
1.1±1.1 a.A
5.6±2.3 a.A
10.0±3.5 ab.A
41.1±4.3 cd.B
63.3±7.5 bc.C 76.7±6.5 bcd.C
400
0.0±0.0 a.A
21.1±10.9 a.AB 35.6±12.4 b.B
64.4±8.3 d.C
87.8±4.9 c.D
91.1±3.7 d.D
500
1.1±1.1 a.A
7.8±6.2 a.A
18.9±9.9 ab.A
45.6±8.6 cd.B
68.9±6.6 bc.C 82.2±3.8 cd.CD
x
: Means within a line for each concentration followed by the same lowercase letter are not significantly different (P≥0.05).
y
: Means within a column for each time period followed by the same uppercase letter are not significantly different (P≥0.05).

120
0.0±0.0 a.A
12.0±1.7 a.B
60.0±5.3 b.C
76.7±6.3 c.D
87.8±6.0 cd.D
91.1±3.3 cd.D
95.6±2.8 d.D
94.4±3.6 d.D

TABLE 4 - Fumigant activity of Mentha longifolia L. subsp. typhoides essential oil against B. germanica nymphs (percent mortality±SE).
Concentrations
( µl/L air)
Control

6
0.0±0.0 ax.Ay

12
0.0±0.0 a.A

Exposure times (h)
48
72
0.0±0.0 a.A
0.0±0.0 a.A

24
0.0±0.0 a.A

96
0.0±0.0 a.A

100
0.0±0.0 a.A
1.7±1.5 a.AB 3.3±3.0 a.AB
5.0±3.1 ab.AB
6.7±4.5 ab.AB 15.0±6.9 abc.AB
200
0.0±0.0 a.A
0.0±0.0 a.A
0.0±0.0 a.A
1.7±1.5 a.A
3.3±3.0 ab.A
6.7±4.5 ab.A
300
0.0±0.0 a.A
0.0±0.0 a.A
0.0±0.0 a.A
3.3±3.0 a.AB 8.3±4.4 ab.ABC 15.0±5.1 abc.BC
400
0.0±0.0 a.A
0.0±0.0 a.A
0.0±0.0 a.A
13.3±3.9 b.AB
16.7±5.1 b.BC
26.7±7.3 c.BC
500
0.0±0.0 a.A
1.7±1.5 a.A
1.7±1.5 a.A
8.3±2.8 ab.AB 13.3±3.9 ab.BC 21.7±4.4 bc.CD
x
: Means within a line for each concentration followed by the same lowercase letter are not significantly different (P≥0.05).
y
: Means within a column for each time period followed by the same uppercase letter are not significantly different (P≥0.05).

essential oil was also found to be that of D. hastata. This
essential oil was followed by M. longifolia and O. minutiflorum essential oils, respectively. Each of the essential
oils has very low knock-down rates.
Dorystoechas hastata essential oil resulted in about
85% mortality at ≥200 µl/L levels. The nymphs began to
die within 48-h exposure at high concentration (500 µl/L)
of this oil, and mortality reached 94.4% (Table 3). As far
as we know, this is the first study indicating lethal effects
of D. hastata essential oil on insects, and this was thought
to be due to 1,8-cineole or camphor that are main compounds. In some studies, 1,8-cineole was found to be
toxic for many insects, molluscs and mites [38-41]. Phillips and Appel [42] showed that 1,8-cineole was fumigant
(LC50 7.11-189.30 µl/L) for adult male B. germanica.
These researchers investigated 12 essential oils on the
basis of fumigant activity against B. germanica and found
that 1,8-cineole was the most toxic compound against
adults, large nymphs and gravid females. Also fumigant
activity of camphor (LC50 24.59 mg/L) was reported by
Jang et al. [13] against German cockroach. However, in
contrast to these studies, Ngoh et al. [43] determined that
cineole was low fumigant against P. americana (American cockroach). We think that the reasons for these differences are cockroach species-related ones.

120
0.0±0.0
a.A
16.7±6.9 ab.B
11.7±8.9 ab.A
18.3±6.4 ab.C
30.0±7.8 b.C
30.0±4.7 b.D

So far, no study has been made on the toxic effects of
M. longifolia essential oil against B. germanica. In our
research, the highest toxic effect (30%) of M. longifolia
essential oil was seen at concentrations 400 and 500 µl/L
(Table 4). The mortalities may be attributed to cispiperitone epoxide or piperitenone oxide that are the main
compounds of M. longifolia essential oil. Tripathi et al.
[12] reported that piperitenone oxide obtained from Mentha spicata L. essential oil has demonstrated toxic effects
against different life stages of Anopheles stephensi Liston
which is a vector of malaria. Essential oil of Mentha
arvensis L. has fumigant activity against P. americana
(KT50 7.38 h) and B. germanica (KT50 9.21 h) [11]. Cetin
et al. [14] found that ethanol extract of M. longifolia plant
has larvicidal effects (LC50 26.8 ppm) against Culex
pipiens L. larvae.
The insecticidal and acaricidal activities of Origanum
minutiflorum essential oil and its main compound carvacrol were reported by many authors [24, 38, 44, 45]. In
this research, Origanum minutiflorum essential oil exhibited a very low level of fumigant toxicity (≤14.4%)
against German cockroach (Table 5). In general, mortality
was not concentration-dependent. Origanum minutiflorum
essential oil has toxic effects on different insect species,
but there is no study related to German cockroaches. Our
results were confirmed by some other researchers. Car-
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vacrol, major compound of O. minutiflorum essential oil,
had no fumigant effects (5 µl/L) on adult German cockroaches [18]. Demirel et al. [26] reported that carvacrol
has very low lethal activity, even at high concentrations,

against Tribolium confusum du Val (Coleoptera: Tenebrinoidea). But, fumigant activity (LC50 3.6 mg/L) of
carvacrol was shown against medium and small nymphs
of B. germanica by Phillips and Appel [15].

TABLE 5 - Fumigant activity of Origanum minutiflorum essential oil against B. germanica nymphs (percent mortality±SE).
Concentrations
Exposure times (h)
(µl/L air)
6
12
24
48
72
96
Control
0.0±0.0 ax.Ay
0.0±0.0 a.A
0.0±0.0 a.A
0.0±0.0 a.A
0.0±0.0 a.A
0.0±0.0 a.A
100
0.0±0.0 a.A
0.0±0.0 a.A
2.2±1.4 a.A
5.6±1.7 b.AB
6.7±1.6 b.AB
10.0±3.1 b.B
200
1.1±1.1 a.A
1.1±1.1 a.A
2.2±1.4 a.AB
3.3±1.6 ab.AB
4.4±1.7 ab.AB
4.4±1.7 ab.AB
300
0.0±0.0 a.A
1.1±1.1 a.AB
1.1±1.1 a.AB
2.2±1.4 ab.ABC
6.7±1.6 b.BC
7.8±2.1 b.C
400
0.0±0.0 a.A
0.0±0.0 a.A
1.1±1.1 a.AB
2.2±1.4 ab.AB
5.6±2.3 ab.AB
6.7±2.2 ab.BC
500
0.0±0.0 a.A
0.0±0.0 a.A
1.1±1.1 a.A
3.3±1.6 ab.AB
3.3±1.6 ab.AB
3.3±1.6 ab.AB
x
: Means within a line for each concentration followed by the same lowercase letter are not significantly different (P≥0.05).
y
: Means within a column for each time period followed by the same uppercase letter are not significantly different (P≥0.05).
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FIGURE 1 - Comparison of the fumigant toxicity of Origanum minutiflorum (OM), Mentha longifolia L. subsp. typhoides (ML) and Dorystoechas hastata (DH) essential oils at the same concentrations.

In conclusion, among the tested essential oils, D. hastata essential oil was the most effective against B. germanica nymphs (Fig. 1). The toxicity of essential oils and
their compounds may affect some biological parameters,
such as essential oil content, cockroach phase, sensitivity
of populations and concentrations. More studies are needed
to show the insecticidal activity of the essential oils obtained from different plant species against cockroaches. In
the future, environmentally friendly new insecticides can
be developed from essential oils.

and also thank Dr. Ilker Cinbilgel for taxonomic identification of plant species.
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ABSTRACT
Beryllium (Be) is used in various industries (electronics, energy, automotive, and aerospace applications);
however, there is very scarce data on its genotoxicity. On
the other hand, Crataegus oxyacantha is a thorny tree that
thrives in hedgerows and fields in the temperate regions
of Europe and the British Isles. Besides, C. oxyacantha
berry extract is known as one of the most powerful antioxidants. In this study, antigenotoxic effects of C. oxyacantha against Be-induced chromosomal aberrations (CA),
sister chromatid exchanges (SCE) and micronucleus (MN)
formation in human lymphocytes were investigated. All
cultures were treated with 120 mg/L beryllium chloride
(BeCl2) for 48 h. Three different concentrations (25, 50 and
100 mg/L) of C. oxyacantha fruit extract was added to the
BeCl2-treated cultures. In BeCl2 and C. oxyacantha combination, the frequency of abnormal cells and CA/cell
significantly decreased compared to BeCl2 alone. Statistically significant reduction was also observed in SCE/cell
and MN frequencies in all the treatments. These results
illustrated anticlastogenic and antimutagenic effects of C.
oxyacantha fruit extract against BeCl2-induced genetic
damage. On the other hand, BeCl2 + C. oxyacantha treatments induced significant reduction in the mitotic index,
with regard to BeCl2 treatment alone. Based on the results
of this study, it may be concluded that dose-controlled C.
oxyacantha diet may play a protective role in the process
of BeCl2 mutagenesis and/or carcinogenesis.

KEYWORDS: Crataegus oxyacantha, beryllium chloride, antigenotoxic effect, micronucleus, chromosomal aberrations
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1. INTRODUCTION
Metals have many industrial applications. Beryllium
(Be) was classified in Europe collectively with beryllium
compounds, e.g. soluble salts [1]. On the other hand, carcinogenicity/mutagenicity studies concerning metal compounds are of potential interest in view of human exposure
to these metals. Besides, certain heavy metals have been
reported to cause DNA damage, and their carcinogenic
effects in animals and humans are probably closely related
to their genotoxic activities [2, 3]. Be is the second lightest
metal, has a high melting point and high strength-to-weight
ratio, and is chemically stable. The modulus of elasticity
of Be is approximately 50% greater than that of steel [4].
And, thin plates or foils of Be are sometimes used in
nuclear weapon designs as the very outer layer of the
plutonium pits in the primary stages of thermonuclear
bombs, placed to surround the fissile material [5]. However,
only very few articles contain pure Be metal or high Becontaining composite parts, while most of the Be metal is
used in copper alloys containing low levels (typically ≤2%)
of the substance. Moreover, these unique chemical characteristics make Be metal an ideal choice as a component
material for a wide variety of applications in aerospace,
defense, nuclear weapons, and industry [6]. The United
States is by far the major producer and major exporter of
Be in the world [7]. On the other hand, workers are exposed
to Be-containing dusts during the crushing and grinding of
ores, and to soluble Be salts during extraction of the metal
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from ore and in the processing of Be metal and alloys [8].
Moreover, tobacco smoking is probably a major source of
Be exposure [9]. Burning of coal is also considered to be an
important source of environmental exposure to Be [10].
Also, oral intake of Be through drinking water represents
a route of human exposure to this metal. It has been detected in surface-water and ground-water [11]. Environmental and occupational exposure to beryllium is associated with severe respiratory diseases, such as acute chemical pneumonitis, chronic beryllium disease (CBD) and
cancer [12, 13]. Be has been classified as a Group-1 carcinogen in 1993, with sufficient evidence for carcinogenicity in humans. More recent epidemiological studies have
supported such a carcinogenicity of Be [14, 15]. Be displays a high and selective affinity for cell nuclei and accumulates in the lysosomes before reaching the nucleus. It
inhibits the synthesis of nuclear proteins and influences
the steps leading to DNA synthesis. Be selectively interferes with regulatory mechanisms controlling transcriptional events in gene expression, which may provide insight
into the mechanism of Be-induced carcinogenicity [16, 17].
Also, the different chemical forms of Be have a significant effect on mutagenicity and carcinogenicity [7]. Only
a limited number of studies, however, have addressed
the underlying mechanisms of the carcinogenicity and
mutagenicity of Be.
C. oxyacantha has been used traditionally as a cardiac
tonic since the first century A.D., as noted by the Greek
herbalist, Discorides, and became even more popular
among European and American herbalists in the late 19th
century [18]. The genus Crataegus (Hawthorn) has many
pharmacological properties, such as reducing blood pressure and total plasma cholesterol, treatment of congestive
heart failure, inducing a significant decrease in mortality
after isocheimal-reperfusion in animals and antiviral effects [19, 20]. Hawthorn contains phenolic and flavonoid
compounds including chlorogenic acid, epicatechin, rutin,
hyperoside and vitexin [21, 22]. In particular, antioxidant
and radical scavenging activities are suggested as possible
modes of action in these compounds [23]. A remarkably
diverse range of studies have been carried out in the literature for the effects of C. oxyacantha. However, there is no
reported study whether C. oxyacantha could modify the
Be (as BeCl2) induced clastogenic effects in human lymphocytes in vitro. This study was undertaken to assess the
protective effect of C. oxyacantha fruit extract on the human lymphocytes in cultures treated with BeCl2, an antitumor agent, on the basis of chromosomal aberrations
(CA), sister chromatid exchanges (SCE), and micronuclei
(MN) frequency.

Aqueous methanol (75%) was added to the powdered peels
(20 g), and stirred for 1 h. The mixture was kept at room
temperature for 72 h. After filtration, methanol was evaporated under reduced pressure at 40 °C. The remaining
water extract was freeze-dried, and a 6 g of extract powder could be obtained.
2.2. Experimental design

The heparinized blood samples from 5 healthy nonsmoking donors between the ages 27 and 28 with no history of exposure to any genotoxic agent were used in our
experiments. Questionnaires were obtained for each blood
donor to evaluate exposure history and, in addition, informed consent forms were signed by each donor. In all
the volunteers involved in this study, hematological and
biochemical parameters were analyzed, and no pathology
was detected. The BeCl2 (CAS Number: 7787-47-5) was
purchased from Sigma-Aldrich® (Missouri, USA). BeCl2
(120 mg/L) and various concentrations (25, 50 and 100
mg/L) of aqueous extracts of C. oxyacantha were tested in
cultured human lymphocytes. These compounds were
added to the cultures just before incubation for cytogenetic analysis. Experiments were conformed to the guidelines
of the World Medical Assembly (Declaration of Helsinki).
After supplementation of BeCl2 and C. oxyacantha, the
blood was incubated for 72 h at 37 ºC to adjust body conditions for testing CAs and MN. Each individual whole
blood culture without Be or C. oxyacantha was studied as
a control group.
2.3. CA assay

Human peripheral blood lymphocyte cultures were set
up according to a slight modification of the protocol described by Evans and O’Riordan [24]. A 0.5-ml aliquot of
heparinized blood was cultured in 6 ml of culture medium
(Chromosome Medium B; Biochrom, Berlin) with 5 mg/ml
of phytohemagglutinin (Biochrom). The cultures were incubated in complete darkness for 72 h at 37 ºC. Two h prior
to harvesting, 0.1 ml of colchicine (0.2 mg/ml, Sigma) was
added to the culture flask. Hypotonic treatment and fixation were performed. To prepare slides, 3-5 drops of the
fixed cell suspension were dropped on a clean slide and
air-dried. The slides were stained in 3% Giemsa solution
in phosphate buffer (pH 6.8) for 15 min. For each treatment, 30 well-spread metaphases were analyzed to detect
the presence of chromosomal aberrations by one observer
(E. Dirican). Criteria to classify the different types of aberrations (chromatid or chromosome gap and chromatid or
chromosome break) were in accordance with the recommendation of EHC (Environmental Health Criteria) 46 for
environmental monitoring of human populations [25].
2.4. MN assay

2. MATERIAL AND METHODS
2.1. Plants and extraction

The ripe fruits of C. oxyacantha were collected from
Kahramanmaraş, Turkey. The peels of the C. oxyacantha
were dried at room temperature and powdered in a grinder.

The MN test was performed by adding cytochalasin b
(Sigma®) after 44 h of culturing as previously described
by Fenech and Morley [26]. At the end of the incubation
period, the lymphocytes were fixed with ice-cold methanol: acetic acid (1:1). The fixed cells were put directly on
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slides using a cytospin, and stained with May GrünwaldGiemsa. All slides were coded before scoring. The slides
were scored according to criteria reported by Fenech [27].
At least, 2000 binucleated lymphocytes were examined
per concentration (2 cultures per concentration) for the
presence of one, two or more micronuclei by one observer
(E. Dirican).
2.5. SCE assay

To provide a better visualization of SCEs, 5-bromo2’-deoxyuridene (Sigma, final concentration 20 µM) was
added after culture initation. And the cultures were incubated in complete darkness for 72 h at 37 °C. After 70 h
and 30 min, we added colcemid to the cultures to achieve
a final concentration of 0.5 µg/L. Later, hypotonic treatment (0.075M KCl) was done by 3 repetitive methanol/
acetic acid solutions (3:1, v/v), centrifugation and resuspension. The cell suspension was dropped onto chilled and
Grease-free microscopic slides, air-dried, aged, and then
differentially stained for inspection of the SCE rate according to the fluorescence plus Giemsa (FPG) procedure
of Perry and Wolff [28]. For each treatment conditions,
25 well-spread second division metaphases were scored.
The values obtained were calculated as SCEs per cell (by
E. Dirican).

4. DISCUSSION AND CONCLUSIONS
In the current study, we observed that BeCl2 caused
genotoxicity in human lymphocytes. There is considerable evidence that C. oxyacantha present protective effects
with increasing amounts without leading to any genetic
damage on lymphocytes. In fact, CA test is regarded as a
very important and useful indicator of exposure to biological and chemical agents [29]. Also, MN assay provides a
measure of both chromosome breakage and chromosome
loss, or non-disjunction in clastogenic and aneugenic
events, respectively [30]. Our results indicated that one of
the targets of BeCl2 in human cells was DNA. Similar to
our finding, a dose-related increase in DNA damage was
observed in human-cultured peripheral blood lymphocytes exposed to BeCl2 for 72 h in SCE [31]. Moreover,
damaged DNA can lead to aneuploidy and/or chromosomal instability, which is believed to be a major contributor to tumor progression [32].

2.6. Statistics

The results are expressed as means ± standard deviation (S.D). Comparisons between groups were carried out
by one-way analysis of variance, followed by Duncan`s
multiple range test (level of significance set at P <0.05).
3. RESULTS
The results of the present study showed that, BeCl2
caused increases of the frequencies of CAs. On the contrary,
three C. oxyacantha doses alone (at 25, 50 and 100 mg/L)
did not change the rate of CAs. Moreover, high statistical
significances in the reduction of CA frequencies were found
in the cultures concomitantly treated with C. oxyacantha
and a high dose of BeCl2 as compared to the group Betreated alone (Fig. 1). In the treatment for 72 h, a significant increase in induced MN was found at BeCl2 (P<0.05).
C. oxyacantha at tested concentrations did not increase the
rate of MNs. However, the positive effect of C. oxyacantha in decreasing the incidence of MNs in comparison
with an unprotected level was attained when cultures were
treated simultaneously with BeCl2 (120 mg/L) and C.
oxyacantha (Fig. 2). Also, all the C. oxyacantha extracts
at tested concentrations did not induce a significant (p>
0.05) number of SCEs (Fig. 3). Likewise, the co-application
of BeCl2 and extracts (at 25, 50 and 100 mg/L) caused significant decreases in SCE/cell values compared to BeCl2treated samples alone.

FIGURE 1 - The frequencies of CAs in human lymphocytes treated
with different concentrations of BeCl2 and Co. (Values are expressed as means ± SD for four cultures in each group. The bars
shown by different letters are significantly different from each other
at a level of 5%. (BeCl2: 120 mg/L beryllium chloride; Co (L): 25
mg/L C. oxyacantha fruit extract; Co (M): 50 mg/L C. oxyacantha
fruit extract; Co (H): 100 mg/L C. oxyacantha fruit extract).

FIGURE 2 - The frequencies of MNs (%) in human lymphocytes
treated with different concentrations of BeCl2 and Co (abbreviations
are as in Fig. 1).
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peutics against genetic damages as recognized in this
study.
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ABSTRACT
In the current treatment methods of dye wastewater,
biological treatment method possesses the characteristics
of lower operating costs, radical removal and no secondary pollution to the environment. Therefore, the aerobic
denitrifier bacteria and white-rot fungi immobilized by
bacterial cellulose were used to treat dye wastewater in
continuous bioreactor in the first part. It could be found
the maximum decolorization rate of immobilized whiterot fungi to dye wastewater was 82.9%, and the maximum
removal rate of COD was 79.9% by immobilized aerobic
denitrifier bacteria. Symbiotic culture of aerobic denitrifier
bacteria and white-rot fungi immobilized by bacterial
cellulose was used to treat dye wastewater and mixed
wastewater composed of dye and domestic sewage. The
results showed the chromaticity and COD of the dye
wastewater were removed up to 74.6% and 68.5%, respectively. For the mixed wastewater, TN and NH4+-N removal rates were both about 80%, and the maximum removal rates of chromaticity and COD were 86.5% and
76.8%, respectively. Thus it can be seen that symbiotic
culture of strains immobilized by bacterial cellulose in the
treatment of dye wastewater and mixed wastewater had
prominent and steady treatment effects. The method of symbiotic culture remedied the fault that the single strain has
only good effects on the single indicator and improved the
removal rates of chromaticity, COD and nitrogen, simulta-

neously. It could not only enhance the comprehensive treatment effects of wastewater, but also reduce the space and
time of water treatment, indicating a great application prospects.
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1. INTRODUCTION
Recently, dye industry has become one of the largest
consumers and pollution sources with the rapid development of textile industry. Dye wastewater has the characteristics of deep chromaticity, high concentration of organic pollutant and difficult degradation, which will cause
the serious harm with discharging into the water [1-4]. In
the dye industry, the wastewater contains both dye
wastewater and domestic sewage, which makes wastewater
more complicated and more difficult to treat. Therefore,
how to remove the chromaticity, COD and nitrogen simultaneously becomes an extremely urgent problem.
White-rot fungi, as an important strain in the dye
wastewater treatment region, attracted great attention recently. It possessed features of high efficiency, low energy
consumption and high adaptability, and exhibited excellent
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performances on the decoloration of dye wastewater [5,6].
But some researches showed that white-rot fungi had bad
performance in the removal of COD for dye wastewater.
In contrast, aerobic denitrifier bacteria had perfect removal
effect on not only nitrogen, but also COD [7,8]. Therefore,
combining white-rot fungi with aerobic denitrifier bacteria into the dye wastewater treatment was taken into consideration. It can greatly enhance removal efficiency and
will provide a new thinking and technological method for
dye wastewater treatment. Meanwhile, the technique of
immobilization was widely applied in the wastewater treatment because of its many advantages, such as large cell
density, less loss of microbes. It can not only enhance the
continuity and stability of wastewater treatment, but also
improve the degradation ability of white-rot fungi and
aerobic denitrifier bacteria and easily realized the separation from products and recycling of bacteria [9, 10].
Under the condition of symbiotic culture, aerobic denitrifier bacteria and white-rot fungi were immobilized by
bacterial cellulose (BC) to treat mixed wastewater including dye and domestic sewage in this experiment. The
chromaticity, nitrogen and COD could be removed effectively together, and the treatment time and space were
saved. At the same time, environment-friendly BC was
used as the immobilized carrier [11]. It was beneficial to
reduce costs and avoid secondary pollution. This method
realized continuous treatment of wastewater, full use of
the strains and reduction of the carbon discharge.

green and dissolve them all into 1 L of the medium C,
which is the dye wastewater. The maximum absorbent
wavelength of the wastewater is 505nm.
F. Domestic sewage: the domestic sewage was taken
from dormitory drainage of Northeast Dianli University.
The water quality parameters are indicated in Table 1.
G. Mixed wastewater: dye wastewater E and domestic sewage F were mixed at ratio of 1:2, which is the
mixed wastewater.
2.4 Preparation of strains immobilized by BC membrane
2.4.1. Preparation of BC membrane

BC membrane was prepared as described in literature
[12].

2. MATERIALS AND METHODS
2.1 Bacterial strain

White-rot fungi W1 and aerobic denitrifier bacteria H1
were screened and preserved in our laboratory.
2.2 Culture medium

A. Liquid restrictive medium for white-rot fungi W1:
KH2PO4 2 g/L; MgSO4•7H2O 0.25 g/L; MnSO4 0.5 mg/L;
FeSO4 0.1 g/L; NaCl 1.0 mg/L; NH4NO3 2 g/L; CaCl2 0.
1 g/L; glucose 15 g/L; VB1 15.0 mg/L; pH 6.0-7.0
B. Denitrifying medium for aerobic denitrifier bacteria H1 (g/L): KNO3 0.6; KH2PO4 1.0; MgSO4·7H2O 1.0;
Sodium Succinate 2.4; H2O 1 L; pH 7.0
C. Symbiotic medium for W1 and H1: KH2PO4 0.75
g/L; K2HPO4·3H2O 2.216 g/L; (NH4)2SO4 0.35 g/L;
MgSO4·7H2O 0.25 g/L; MnSO4 0.5 mg/L; FeSO4 0.1 g/L;
NaCl 1.0 mg/L; CaCl2 0.1 g/L; Citric Acid 1.0 1.81 g/L;
glucose 5 g/L; VB1 5.0 mg/L; pH 6.0-7.0
D. Fermentation medium: glucose 5 g/L; peptone 0.5
g/L; yeast extract 0.5 g/L; citric acid 0.1 g/L; Na2HPO4 •
12 H2O 0.2 g/L; KH2PO4 0.1 g/L; MgSO4 • 7H2O 0.025
g/L; ethanol 0.5 g/L; pH 5.0
2.3 Wastewater

E. Dye wastewater: weigh 30 mg methyl orange, 20
mg Congo red, 20 mg methylene blue and 2 mg malachite
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2.4.2 Preparation of W1 immobilized by BC membrane

White-rot fungi W1 were inoculated into medium D
in a certain proportion and cultured under the conditions
of 30 °C for 5-7 d. As a result, large amounts of W1 were
attached to newborn BC membrane. After the membranes
were washed with the de-ionized water several times, W1
immobilized by BC membrane were gained [13].
2.4.3 Preparation of H1 immobilized by BC membrane

Aerobic denitrifier bacteria H1 were inoculated into
the denitrifying medium that included 1cm3 of BC membrane blocks. The medium was shaken for 2 d under the
conditions of 150 r/min and 30 °C. As a result, H1 were
attached to the BC membrane blocks. After the membrane
blocks were washed with de-ionized water several times,
immobilized H1 were gained.
2.5 The treatment of dye wastewater and mixed wastewater
2.5.1 Treatment of single strain to wastewater in continuous
bioreactor

The immobilized H1 or W1 prepared in 2.4 were put
into the continuous bioreactor at 30 °C. DO concentration
was controlled at about 6mg/L. The flow speed of inlet
and outlet water was 5mL/min by controlling the valves
and the removal efficiencies of chrominance and COD
were monitored every 24 h.

2.5.2 Preparation of symbiotic culture of strains and its
treatment to wastewater

Symbiotic culture of the strains: W1 and H1 were inoculated into the medium C separately and cultured 2 d.
Then two kinds of strains were mixed at radio of 1:1,
which is the symbiotic culture of W1 and H1.
The symbiotic culture of strains were immobilized by
BC membrane and then put into the continuous bioreactor
at 30 °C. DO concentration was controlled at about 6mg/L.
The flow speed of inlet and outlet water was 5mL/min by
controlling the valves and the removal efficiencies of
chrominance, COD, TN and NH 4+-N were monitored
every 24 h.
3 RESULTS AND DISCUSSION
3.1 The treatment of immobilized white-rot fungi to the dye
wastewater

White-rot fungi, as an important strain in the dye
wastewater treatment region, have good effect on deodorization for dye wastewater. Therefore, W1 were immobilized by BC firstly in the experiment, and then the bioreactor was designed and built up to treat the dye
wastewater. As shown in Fig. 1.

TABLE 1 - The water quality of domestic sewage
water quality parameter
scope

total nitrogen (TN) (mg/L)
79.19~97.06

NH4+-N (mg/L)
38.62~59.14

NO3--N (mg/L)
0.30~4.51

CODcr (mg/L)
368.58~504.13

FIGURE 1 - Schematic diagram of the continuous bioreactor. 1. Inlet water; 2. Peristaltic pump; 3. Reaction tank; 4. Thermostat water bath; 5.
Outlet water valve; 6. Outlet water; 7. Rotameter; 8. Aeration pump
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to the removal of COD. Thus, how to improve COD removal rate was becoming the key of the subject.
3.2 The treatment of immobilized H1 to the dye wastewater
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Many researchers have shown that aerobic denitrifier
bacteria play an important role in denitrification process.
It had a preferable removal effect on COD [15]. But, it
has been rarely reported to apply aerobic denitrifier bacteria in the treatment of dye wastewater. The result in the
first period showed that H1 had the effects on degradation
in some degrees to treat dye wastewater (data not shown).
Therefore, the immobilized H1 were used to treat dye
wastewater.

20

Immobilized H1 were put into the bioreactor to dispose the wastewater E. It can be seen from Fig. 3 that the
effect was stabile in the processing of decolorization.
After 10 d treatment, the decolorization rate was about
50% and not better than that of the immobilized W1. But
the COD removal effect was much higher than that of the
immobilized W1. It had the tendency to rise in the early
stages. The removal rate of COD was tending towards
stability on the 13th day, and the highest removal rate was
79.9%. To sum up, immobilized H1 had preferable COD
removal rate for dye wastewater, but it was weak in the
performance of decolorization.

20

FIGURE 2 - The treatment of immobilized W1 to dye wastewater
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3.3 Symbiotic culture of strains immobilized by BC to treat
the dye wastewater

The above results showed that W1 had superior performance of decolorization on dye wastewater, and H1
were more suitable for the removal of COD. Based on the
characteristics of the two strains above, it will provide a
possibility of using them to treat dye wastewater. The
symbiotic culture of strains were immobilized by BC
membrane and then put into the continuous bioreactor to
treat the wastewater E.

COD removal rate (%)

decolorization rate (%)

Immobilized W1 were put into the bioreactor to dispose the wastewater E. As show in Fig. 2, immobilized
W1 had good treatment effects on the dye wastewater.
The decolorization rate with the immobilized W1 could
reach above 80%, and then it kept steady. The maximum
decolorization rate was 82.9% at 15 d and no distinct
removal effect of COD was shown. After 20 d treatment,
the highest removal rate of COD was only 33.2%. This
conclusion was the same as that of Fan [14] who reported
that immobilized white-rot fungi had preferable decolorization effects on dye wastewater, but it was not beneficial
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FIGURE 3 - The treatment of immobilized H1 to dye wastewater
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FIGURE 4 - Symbiotic culture of strains immobilized by BC to treat dye wastewater

showed a high removal rate to the mixed wastewater. It
can attain the object of degradation on chromaticity and
COD at the same time. Compared to the activated sludge
process that would discharge a large amount of sludge
every period, this operation was very simple [17-19]. If it

+

NH4 -N removal rate (%)

It can be seen in Fig. 4, the decolorization rate of dye
wastewater showed an upward tendency and reached the
highest point, 74.6% on the 7th day. Although there was a
little fluctuation, finally it maintained above 75%. Jia et
al. [16] treated dye wastewater with white-rot fungi in biocontact oxidation device, and the decolorization rate was
only 65.5%. The removal rate of COD went up steadily and
reached over 50%. In the subsequent 15 d treatment, the
COD average removal rate maintained above 60%, and
the highest removal rate was 68.5%. The method of symbiotic culture of strains immobilized by BC remedied the
fault that the immobilized single strain has only good
effect on the single indicator and improved the removal
rates of chromaticity, COD and nitrogen simultaneously.
In actual application, this method can realize the degradation of chromaticity and COD together and improve
treatment efficiency.

The component of the wastewater from the dye industry was complicated, and it also contained the domestic
sewage. Therefore, H1 and W1 were considered to be
used in treatment of the wastewater G in the continuous
bioreactor. The average speed of inflow was controlled at
1 ml/min, and the average dissolved oxygen level was
6.26 mg/L. Treatment situation of chromaticity, COD, TN
and NH4+ -N was detected. The results are shown in Fig. 5.
As shown in Fig.5, the decolorization rate of the
mixed wastewater can attain 87.5% on the 4th day, and
then rise a little. The maximum removal rate was 94.8%.
With increasing disposal time, the color of the mixed dye
wastewater gradually faded in appearance. The method of
symbiotic culture of strains immobilized by BC also had a
perfect effect on the COD removal. The removal rate of
COD kept stable after 11 day, and the maximum value
was 76.8%. It can be seen from Fig.5, the removal rates of
NH4+-N and TN went up steadily in the early stages, and
the maximum value was 84% and 79.3%, respectively.
Thus, symbiotic culture of strains immobilized by BC
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on the mixed wastewater, but also saved treatment time and
space. It will have an expansive application prospect.
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FIGURE 5 - Symbiotic culture of strains immobilized by BC to treat
mixed wastewater

was applied in production practice, the space for sludge in
water treatment equipment would be reduced, and the
volume of the equipment also could be decreased, effectively. Meanwhile, the application of the immobilized
carrier BC not only achieved easy solid-liquid separation
and recycling of strains, but also decreased secondary
pollution. It provided a wild application prospect for improving the treatment efficiency of the mixed wastewater.
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ABSTRACT
In order to develop proper communication events, receptor’s risk perception needs to be studied. The present
paper describes an evaluation of the perception of the risk,
to general public, farmers and local authorities, in a cereal
steppe in Castro Verde, southern Portugal (Alentejo). This
area is included in the European Nature 2000 Network as
a Special Protection Area (SPA) for wild birds in accordance to the Birds Directive (79/409/EEC) due to its importance in the conservation of protected species like the
great bustard. Risk perception was assessed with a questionnaire-based survey that was carried out in the municipality of Castro Verde. The agriculture sector showed respondents with better knowledge on precise aspects of the
SPA. The generality of respondents from all target groups
were more sensitive to risks posed to the SPA by agriculture abandonment, herbicides, illegal hunting and also to
death of birds by electrocution when colliding with electric cables and the usage of sewage sludge as soil amendment. An environmental Non-Governmental Organization
working in the region seems to be an important source of
information about the SPA to local population. This
methodology can be extended within the Mediterranean
ecoregion where environmental managers have to promote the existence of sustainable – both economic and
environmental – extensive agricultural practices.

KEYWORDS:
Risk communication, questionnaire-based survey, Special Protection Area (SPA), protected birds, Mediterranean ecoregion

1. INTRODUCTION
In Europe, Risk Assessment protocols are used to set
the impact of chemical contamination on biota [1]. This
scientific step underpins the decision-making process
defined as Risk Management that involves considerations
* Corresponding author

of political, social, economic, and technical factors [2].
There is frequently a gap in communication between the
scientific community and the general public, which delays
the prevention and resolution of environmental problems.
Risk Communication is defined by the OECD [2] as the
interactive exchange of information about (environmental
or health) risks among risk assessors, managers, news
media, interested groups and the general public, including
the explanation of the risk assessment procedure as well
as subsequent risk management decisions. Thus communication is an essential tool for understanding the context

of environmental risks and problems, and in the orientation of decision-making [3], while enhancing the likelihood that risk management decisions will incorporate the
results of the risk assessment [4]. But in order to decisions
being understood and accepted it is important that potentially affected individuals or groups as well as the general
public are aware of risks and benefits associated with
alternative courses of action in terms of management [5].
This implies the necessity for knowing people´s degree of
understanding, i.e. risk perception, for reaching the audience with the proper degree of information in the scope of
an effective risk communication framework. Questionnaire-based surveys have been used by European institutions to determine how people perceive risk, being therefore a contribution to the development of policy initiatives
and communication events related to risk issues [6, 7].
In the EU a network of protected areas, Natura 2000
Network, is being built on the designation of areas for
conservation under the Birds and Habitats directives, the
so-called “nature directives”, that constitute the European
policy basis for halting the loss of biodiversity. Once in
Natura 2000 Network, the conservation status of habitats
and species listed in the directives must be maintained
favourable, which means that specific management plans
with necessary restrictions on activities carried out within
and around sites must be defined by each Member State
[8, 9]. One of the dominant land uses in the EU is farmland (arable land and permanent grassland) that covers
more than 45% of the territory. Traditional farming practices like extensive agriculture are essential for the survival of many species and their habitats. Moreover, 50%
of all species in Europe have been estimated to depend on
agricultural habitats [10]. In Portugal more than 25% of
Natura 2000 habitats depend upon the continuation of extensive farming practices, whereas the average EU-15 value
in 2004 was of 18% [11]. In spite of the importance of
extensive agriculture habitats risks may arise from some
practices to species of conservation concern, namely steppe
birds [12].
The key objective of this paper is to contribute for the
development of a communication network for risks in a
Nature 2000 Network site associated to extensive agriculture practices, from Southern Portugal. For the purpose
a questionnaire-based survey was developed focusing on
hazards identified by a conceptual model specific for the
site [12] and other hazards identified by authorities’ assessments [e.g. 13], as a systematic approach to describe
stakeholders’ degree of understanding on the Natura 2000
Network site. Thus the aim was to assess the awareness
and perception of the risk to general public, the agriculture sector and local authorities.
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2. MATERIALS AND METHODS
The questionnaire-based survey was performed in the
Municipality of Castro Verde in southern Portugal, Alentejo,
which is the municipality with higher percentage of land
(55%) belonging to the Special Protection Area (SPA) for
wild birds with a total area of 79007 ha. In order to evaluate different perceptions of risks to the ecological values
of the protected area, the questionnaire aimed 3 different
target groups: general population, farmers as the major
actors in the maintenance of extensive agricultural practices, and local authorities as decision-makers.
2.1. Study area

The SPA of Castro Verde is characterized by extensive farm fields with no arboreal vegetation and some less
representative habitats with no agricultural use such as
shrublands (of shrub Cistus ladanifer) and woodlands
(mainly holm oak Quercus rotundifolia but also a few
olive groves Olea europea). This Mediterranean cereal
steppe habitat is the refuge for some bird species of conservation concern like the great bustard (Otis tarda) [13].
The traditional soil use creates a landscape mosaic of cereal
fields, stubble, ploughed fields, and fallow land that is frequently used as pasture for sheep [14].
2.2. The survey

Blondel and Aronson [15] consider humans as the
sculptors of Mediterranean landscapes and crop plants (e.g.
cereals, pulses, or fruits) have had a profound impact on
habitat changes and animals’ life-history traits. The importance of traditional agricultural practices has been recognized for the conservation of the Mediterranean biodiversity hotspot [10]. Therefore the management of protected
areas in Europe’s Mediterranean region has to take into
account peoples’ understanding of nature values and threats
to its conservation. The survey aimed to characterize and to
get a general picture of perceptions and views among the
different stakeholders from the SPA of Castro Verde. A
cross-sectional survey was conducted, which meant collecting data at a single point in time from a sample drawn
from the target population [16], i.e., citizens from Castro
Verde municipality.
Firstly respondents were invited to participate after a
brief introduction where they were provided with key
pieces of information from the survey: involved entities,
topic, purpose and how data was going to be used. Since
respondents were expected to make judgments on sensitive topics, it was decided to collect data with a selfadministered questionnaire, after the face-to-face introduction, thus providing them with a greater sense of privacy.
Taking into consideration the likely different cultural and
professional backgrounds, the questions selected tried to
be as unambiguous and as simple as possible, and an
overall effort was made to make the questionnaire absolutely understandable.

The questionnaire was adapted from a previous one
conducted within an on-going project on Global Sustainability Assessment in a Spanish SPA (Ramos M. J., personal communication) with a similar habitat and populations of birds from the same species, but tailored for this
specific SPA. Fifteen questions were divided into three
groups. A first group of five questions aimed to assess the
socio-demographics of the respondents. In a second group
of seven questions the purpose was to know how far people were informed about the SPA, including its biophysical characterization and ecological values, and who provided them with that information. Finally, in the third
group of three questions, it was intended to gain inside on
what people thought about the factors that underpin the
conservation of the SPA, and in the last question respondents were asked to reflect about the risks of a series of
hazardous activities.
2.3. Target groups

Selected sample included ninety people, calculated
from the square root of the population from Municipality
of Castro Verde, which is of 7603 people. For the general
public group (N=36), participants were recruited among
pedestrians and business establishments in the centre of
Castro Verde village. The preferential targets were adults
but some teenagers also participated in the survey. In
order to obtain as much people from the agricultural sector as possible, the survey was performed during the period of the call to the Zonal Program of Castro Verde
(agro-environment funding under the European Union's
Common Agriculture Policy) that was held in the “Campo
Branco” Farmers’ Association. Contiguous to the office
where the call was going on, there is the store of the
“Campo Branco” Farmers’ Association that sells several
agrochemicals and veterinary medicinal products. Therefore people from both places were recruited (N=31), that
included, every kind of jobs related to agriculture and
livestock farming, as well as land owners that may had
other occupations not related to farming at all. Servants
from local authorities (N=23) were recruited directly from
their working places, namely the municipality hall of
Castro Verde, and the parish offices at Castro Verde,
Casével, Santa Bárbara de Padrões and São Marcos da
Atabueira. Respondents were selected at random from different sections and working posts reaching people from
different professional and educational backgrounds.
2.4. Statistics

For the comparison of the target groups, a multidimensional statistical analysis was performed. Each target
group was considered as a class, hence three classes were
analysed: general public N=36, agriculture sector N=31 and
local authorities N=23. The 98 possible different answers of
the questionnaire gave us the respective 98 variables that
were calculated by giving each positive answer a value of
one unit and by summing the total number of positive
answers by variable. A 98×3 dimensions matrix was ob-
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tained. The matrix was then analysed by a simple correspondence analysis [17].
3. RESULTS AND DISCUSSIONS

target groups, thus revealing divergent degrees of understanding on the Natura 2000 Network site. Different backgrounds and socio-demographics shown in Table 2 are
probably a major driver for these understanding divergences.

From the correspondence analysis of the three classes
two dimensions of 0.1218 and 0.0869 singular values were
obtained accounting 58.40% and 41.60% of total inertia,
respectively. Two dimensions allowed explaining 100% of
the inertia and class points were plotted hereafter. Obtained coordinates can be observed in Table 1. Classes are
distant and therefore it can be considered that there are
differences between the answers provided by the three

TABLE 1 - Class coordinates for the two-dimension solution obtained from the correspondence analysis.
Coordinates
Dimension 1
Dimension 2
0.6141
1.5229
-1.4068
-0.0894
0.7723
-0.9681

Classes
General public
Agriculture sector
Local authorities

TABLE 2 - Socio-demographic characterization of the respondents. (Values are given in terms of percentage.)
General public
(N = 36)

Agriculture sector
(N = 31)

Local authorities
(N = 23)

Gender
Male
Female

47.2
52.8

69.0
31.0

34.8
65.2

Age
<18
19-24
25-30
31-40
41-50
51-65
>66

13.9
8.3
13.9
36.1
11.1
13.9
2.8

0.0
6.9
20.7
13.8
31.0
24.1
3.4

0.0
4.3
17.4
26.1
43.5
8.7
0.0

Education
Illiterate
Basic – 1st degree
Basic – 2nd degree
Secondary – 1st degree
Secondary – 2nd degree
Academic degree

2.8
5.6
8.3
41.7
36.1
5.6

0.0
23.3
6.7
20.0
13.3
36.7

0.0
4.3
4.3
43.5
17.4
30.4

Occupation
Student
Unemployed
Public servant
Farmer
Self-employed worker
Employee/ Worker
Retired

16.7
5.6
2.8
2.8
11.1
58.3
2.8

0.0
0.0
0.0
53.3
16.7
30.0
0.0

0.0
0.0
100.0
0.0
0.0
0.0
0.0

Municipality and Parish
Castro Verde
Castro Verde
Casével
Sta. Bárbara de Padrões
S. Marcos da Atabueira
Another Municipality

81.8
0.0
3.0
0.0
15.2

62.1
6.9
0.0
3.4
27.6

60.9
8.7
8.7
4.3
17.4

% 40

% 40

% 40

30

30

30

20

20

20

10

10

0

10
0

0
0

1

2

3

Not informed
at all

General public

4

5

0

1

Very well
informed

Not informed
al all

2

3

4

Agriculture sector
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FIGURE 1 - Respondents’ opinion on the level of information they possess on the SPA of Castro Verde, from 0 as not informed at all to 5 as
very well informed.

3.1. The spa

included at all. Within public servants, some respondents
also made such mistake and 41% knew another municipality. According to the Portuguese Institute for Nature
Conservation [13], the SPA of Castro Verde is the most
important Portuguese area for the conservation of steppe
bird species such as the great bustard (Otis tarda) considered the most important label of that region [18]. But
there are also other species of conservation concern and
that is why respondents were asked if they knew other
birds besides the great bustard (Fig. 3). The majority of
people from the agriculture and local authorities groups
knew other protected species. From the general public,
less than half of the respondents stated to know other birds.
The species that were referred to more often in all groups
were the black-bellied sandgrouse (Pterocles orientalis),
the lesser kestrel (Falco naumanni) and the little bustard
(Tetrax tetrax). Among the local authorities’ respondents,
the lesser kestrel appeared in 76% of the answers. This
may be explained by the fact that in recent years a book on
the lesser kestrel had been presented with the cooperation
of the Municipality of Castro Verde.

First of all, it was possible to know how respondents
thought about the level of information they possessed on
the SPA of Castro Verde (Fig. 1). In all groups the majority of respondents considered themselves with medium
level of information. General public indicated the highest
percentage of respondents with reduced information level.
Local authorities represented the group with least variability with a high percentage of respondents possessing medial level of information. The agriculture sector indicated
the highest distribution of responses, being the only group
with respondents very well informed about the SPA, which
is not surprising since they are directly affected by the
management of this protected area.
In terms of the geography of the SPA, the agricultural
sector presented a better insight as can be observed in Fig. 2.
Half of the respondents from the agriculture group knew
at least one municipality included in the SPA, other than
Castro Verde. From the general public, only 25% knew
other municipalities from the SPA, and 9% of the respondents made a mistake by indicating one that is not

Agriculture sector

General public
No

No

Yes

1

0%

Local authorities

Yes

No
1

1

50%

100%

0%

18%

Yes

50%

100%

0%

50%

100%

10%

16%
9%
37%
9%

37%

40%

19%
40%

9%
18%

9%

19%

10%

Aljustrel

Beja

Ourique

Almodovar

Mértola

A municipality that
is not included

FIGURE 2 - Besides Castro Verde, do the respondents know another municipality included in the SPA?
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Agriculture sector

General public

No

No

Yes

1

Local authorities

Yes

No
1

1

0%

50%

18%

100%

0%

24%

Yes

50%

0%

100%

24%

50%

100%

6%

32%
6%
6%

24%

3%

3%

76%

6%

3%
28%

6%

35%

Stone Curlew

Black-bellied Sandgrouse

Lesser Kestrel

Little Bustard

White Stork

Common Crane

Woodchat

Montagu's Harrier

FIGURE 3 - Besides the Great Bustard, do the respondents know another protected species in the SPA?

Agriculture sector

General public

Local authorities

15%

10%
6%

85%

90%

7%

48%

3%
6%

30%

A natural resource for educational,
environmental and ecotourism purposes

A restriction for agriculture and local
development

A surplus-value for agriculture and
valorisation of the region

Don not have an opinion on this subject

FIGURE 4 - What do the respondents think of the SPA for Castro Verde and the other included municipalities?

In a statement, how do people feel about the SPA? Is
it an advantage or a disadvantage for the Municipality and
the different human activities that may take place there?
The great majority from local authorities and general public
thought the SPA was a natural resource for educational,
environmental and ecotourism purposes (Fig. 4). But almost
one third of the agriculture sector saw it as a surplus-value
for agriculture and valorisation of the region, and 7% considered the SPA a restriction for agriculture and local development. This sector experiences the direct consequences
of any possible restriction that may follow from the classification of the site under the Natura 2000 Network. That
is why the subject was a little bit more controversial to
farmers, what makes it more surprising that 15% – a
higher value than the general public (and this statement is
not even considered by local authorities) – of respondents
claimed not to have an opinion on the subject. The overall
positive attitude towards the SPA among the inhabitants

of the municipality of Castro Verde denotes a clear sensitivity towards the ecological value of this site, even to
people that are directly affected from the management restrictions in a Natura 2000 Network. In a contingent valuation survey in Portugal, a significant part of the interviewed people (59.9% web based and 45.7% in-person)
were willing to pay to preserve the Cereal Steppe of Castro Verde as an annual governmental tax and as a voluntary contribution [19]. Both results show a considerable
sensitivity of population in relation to services ecosystems
and the environment may provide. By informing people
about the SPA there is a large probability that an even
greater understanding and perception of the ecological
values will develop.
But what are the sources of information from the
Natura 2000 Network site of Castro Verde (Fig. 5)? Not
surprisingly, half of the respondents from the agriculture
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Agriculture sector

General public

2% 2%

13%
6%

24%

Local authorities

10%

10%
4%

11%

2%

31%

2%
7%

20%

4%
2%

31%

17%

2%
6%

13%

7%

24%

50%
Castro Verde Municipality

TV

LPN (Nature Protection League)

Books or Informative handbills

“Campo Branco” Farmers’ Association

Internet

Press

Others

FIGURE 5 - What was the source of information respondents have on the SPA for Castro Verde?

sector stated their knowledge on the SPA of Castro Verde
came from the “Campo Branco” Farmers’ Association
and ca one third of public servants stated it was provided
by the Municipality of Castro Verde. Looking at all target
groups, the environmental Non-Governmental Organization (NGO) LPN (Nature Protection League) seems to be
an important source of information. This NGO has been
developing in the region a sustainable model for agriculture since the early nineties, involving local farmers, and
integrating it with several scientific, touristic and environmental projects. Press, television, internet and books
or informative handbills, are other important sources of
information to respondents.
3.2. Spa conservation

The main habitat for steppe birds is created by extensive farming with fallow rotation [20]. Thus the generality
of species is favoured by open landscapes. But how far do
people understand that the maintenance of this habitat is
important for the conservation of the SPA? Many may
think that by planting trees, specially the autochthonous
species like the cork oak or the holm oak, a more favourable habitat to the generality of birds may be created. As

can be observed in Table 3, the majority of the respondents from the agriculture sector and local authorities understood the importance of the maintenance of extensive
agriculture, but almost half of the general public respondents did not know what the most important factor for the
conservation of the SPA of Castro Verde was. Since 1995
such agricultural scheme is being supported by agroenvironmental measures implemented under the Zonal
Program of Castro Verde [21]. Reviewed in 2003, this program allows financial compensation to farmers who voluntary agree to maintain the traditional agricultural system with the cereal-fallow rotation, in an area larger than
one hectare. It is an important tool to overcome the fact that
as a low intensity dry cereal farming land it represents a
marginal economic system with a yield of 14% of the EU
average [20]. Table 3 also shows that the importance of
the Zonal Program was absolutely clear for the large majority of the agriculture sector, since the economic viability of their activity is dependent on financial support. Whereas for local authorities the importance of this funding was
also clear, more than half of the general public did not
think so.

TABLE 3 - Analysis of the respondents’ opinion on the factors that underpin the conservation of the SPA of Castro Verde.
General public
(N = 36)

Agriculture sector
(N = 31)

Local authorities
(N = 23)

44.4

86.7

87.0

13.9

3.3

4.3

41.7

10.0

8.7

47.2
52.8

93.3
6.7

60.9
39.1

What is the most important factor for the conservation of the
SPA of Castro Verde?
Maintenance of extensive agriculture
with cereal fields and fallow
Increase in Cork Oak and
Holm Oak forest landscapes
Do not know
Do you think the traditional agricultural practices are only
possible by being supported with agro-environmental funding
(Zonal Program)?
Yes
No
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110

High risk
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No risk

100
90

General public

80
70
60
50
40
30
20
10
110
0
100

Agriculture sector

90
80
70
60
50
40
30
20
10

110
0
100
90

Local authorities

80
70
60
50
40
30
20
10

Usage of manure as
fertilizer in
agriculture

Disposal of sewage
sludge as soil
amendment

Forestation of
agriculture lands

Fencing

Cattle increase
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electrocution when
colliding with
electrical cables

Illegal hunting

Utilization of
herbicides

Agricultural
Abandonment

Intensification of
agriculture and
development of systems
for land irrigation

0

FIGURE 6 - Respondents’ opinion on risks affecting the SPA for Castro Verde.

3.3. Risks to the spa

The main threats for the SPA of Castro Verde and
probable risks for the steppe bird species have been identified [13, 18, 20, 22]: intensification of agriculture and
livestock farming – with consequent increasing of agrochemicals input, and installation of fences and land irrigation systems – on one side, and abandonment of agriculture on the other side; the forestation with eucalyptus or
pine trees due to rather advantageous EC funding; and
illegal hunting and death by electrocution when colliding
with electric cables, especially to great bustard populations.
Other less conspicuous inputs of toxic chemicals in the
ecosystem are sewage sludge and livestock manure. In
recent years in Castro Verde, wastewater sludge was used
as fertilizer in a program aiming to prevent desertification
and soil erosion. Previous studies under Mediterranean
climatic conditions have showed that the fertilization with
sewage sludge may pose risk to soil invertebrates [23, 24].
As for livestock, toxic concentrations of veterinary medicinal products that can be found in dung and urine [25]
may contaminate soil due to grazing or when manure is
used as fertilizer in agriculture.

Given these facts a final question was drawn in the
survey so that respondents could reflect and assess a series
of risks that might affect the SPA (Fig. 6). Although in
Table 3 it seemed clear that respondents perceived the importance of the maintenance of extensive farming, a reduced
percentage of answers assessed the intensification of agriculture (and development of systems for land irrigation)
with a high risk for the SPA. Many considered it as moderate risk, but this intermediate assessment was frequent
in almost every factor that was presented. The issues that
were associated with the higher risk by all target groups
were agriculture abandonment, herbicides, illegal hunting
and, at some extent, death by electrocution and the disposal
of sewage sludge as soil amendment. The factors considered to pose a lower risk were the ones related to livestock. i.e., cattle increase and usage of manure as fertilizer
in agriculture.
When comparing the assessments performed by the
different target groups there was not any major difference.
Still in some issues agriculture sector showed some small
variations in the perception of risks. It was the group with
the highest percentage of high risk perception towards in-
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tensification of agriculture, followed by the general public
but, as the income of this group has a direct relationship
with the SPA management, they are expected to wish turning farming as profitable as possible. However, the overall
assessment must also consider their higher level of knowledge as well as the socioeconomic correction provided by
the agro-environmental funding. Moreover, they were more
suspicious on the risk of forestation, and 24% of the respondents considered it as high. As for herbicides, they
were looked at with less concern, when compared with the
other target groups; 50% of the respondents considered the
risk of the utilization of herbicides as being high, versus
80% of high risk considered by the other groups. There was
also less concern towards illegal hunting in comparison with
public and local authorities.
4. CONCLUSIONS
Following a risk assessment in the SPA of Castro
Verde and knowing the diverse perceptions and characteristics of the different stakeholders, it is possible to develop
tools for an effective risk communication network, important in the environmental governance of this Natura
2000 Network site. The development of such successful
network involves the engagement of stakeholders early in
the process, which means delivering meaningful riskrelated information in all steps of the process. Furthermore,
as con-veyed by Abkowitz [26], knowledge on how people
form and respond to their “core risk values” is needed to
establish environmental risk management priorities and,
subsequently, environmental risk communication strategies.
First of all, in order to decide on the amount of information provided and how it is deployed, one must be
aware of the cultural background of the population, namely
its educational levels. The majority of respondents has received at least 9 years of education (secondary first degree) and in the local authorities this proportion exceeds
90%, having 30% of the public servants an academic degree. The agriculture sector is the target group with a higher
percentage of people that attended university (37%), but a
significant percentage of the group (23%) has only been at
primary school. Therefore the heterogeneity of the agriculture sector must be taken into account when preparing
communication events.
Differences in responses about precise aspects of the
SPA and its conservation were evident between target
groups but risk perceptions were more coincident. There
are several potential factors that could contribute to these
results such as knowledge, heritage, and socio-economy.
The higher level of information on the environmental
values of the SPA, perceived by the agriculture group and
also confirmed by the answers to relevant questions, may
indicate a greater capacity for perceiving certain risks, in
particular the relationship between conservation and traditional extensive farming. Additionally, the cultural herit-

age and the clear perception of agro-environmental funding as an essential need for maintaining sustainable agricultural practices (and finally, the fact that this funding
has been available for years) should be considered. It is
important to mention that only 7% of the enquired persons
within this group perceived the SPA measures as limitations for agricultural development, while 30% perceived
the opposite, considering the SPA as an opportunity for
local valorisation. The Common Agriculture Policy of the
EU is considered a key tool for socioeconomic balance
among regions. The aims and objectives have been adapted
and current measures focus mostly on the protection of the
environment and the farmers’ quality of life. In a global
market, sustainable rural development is demonstrating a
clear capacity as alternative to intensive agriculture. Issues
such as food quality, food safety, food diversity, animal
welfare, are more and more appreciated by the European
citizens. The added value gained by these issues may compensate the final yield economic balance. Additional opportunities related to leisure activities such as ecotourism,
and recognizing the role of extensive agricultural in the
SPA as a service provided by the farmers to the society
(biodiversity conservation) that should be compensated,
are also relevant when interpreting the differences in the
perception among the three groups.
Although the questionnaire does not allow a formal
interpretation, a significant issue identified within this study
is the role of source for information. The group related to
the agricultural sector had received the information basically through an agricultural organization and an environmental NGO. The combined information seems to offer in
general a proper level of knowledge on the ecological and
socioeconomic implications of the SPA.
The usage of surveys to assess the perception of risks
has proven to be an important tool [27, 28]. In the context
of the European Mediterranean region understanding people’s knowledge about natural values and risks posed to
nature conservation is particularly relevant due to the longterm coexistence of human activities, namely agriculture,
and a hotspot for biodiversity. This coexistence has shaped,
in many cases, agricultural practices and the biology and
ecology of nature values which means the establishment
of a two-way relationship. The results from the present
survey deliver a set of information that allow environmental
managers to study how inhabitants from the SPA municipalities feel affected by nature values and how they feel
their activities affect nature conservation. Moreover this
methodology has the potential to be replicated in other protected areas of the European Mediterranean region where
extensive agriculture (with e.g. cereals, olive trees or vineyards) plays an important role in the economy and nature
conservation.
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COMPARATIVE ACTIVITIES OF TRIADIMEFON, THIDIAZURON,
AND CHLOROCHOLINE CHLORIDE AS SALINITY STRESS
PROTECTANTS IN MAIZE (Zea mays L.) PLANT
Atilla Levent Tuna*
Department of Biology, Science Faculty, Mugla University, 48000 Mugla, Turkey

ABSTRACT
The combined effects of salt stress (150 mM NaCl)
and triazole compound systemic fungicide-plant growth
regulator triadimefon (TDM), cytokinin-like plant growth
regulator thidiazuron (TDZ), and plant growth retardant
chlorocholine chloride (CCC) on plant growth, antioxidative
enzymes, and nutritional status of maize (Zea mays L. cv.
DK 647) were investigated. Plants were grown in greenhouse conditions from April to June. Except for control,
seedlings were treated with foliar applications of TDM,
TDZ and CCC at concentrations of 75, 100, and 750 mg L-1,
respectively. Compared to maize leaves from plants grown
under non-saline conditions, salinity stress decreased shoot
fresh and dry weight, relative water content, chlorophyll–
carotenoids levels, and PPO (Polyphenol oxidase) enzyme
activity. It also increased membrane permeability (EC%),
proline content, and the activities of SOD (Superoxide dismutase), and POX (Peroxidase). Furthermore, the salinity
treatment reduced Ca2+, K+, and P concentrations in the
leaves and roots. The macronutrient content of leaves and
roots increased with TDM, TDZ and CCC treatments. In
general, all symptoms of damage were largely alleviated by
the TDM. TDM was also the most effective stress protectant in protecting maize leaves from damage caused by
salinity. TDM improved the growth rate of maize seedlings
subjected to salinity stress and increased photosynthetic
pigments contents, and relative water content compared to
the control. It is concluded that while the PGR’s have the
potential to be stress protectants, TDM was consistently
the most effective, while and CCC were found to be the
least effective.
ABBREVIATIONS
CCC, chlorocholine chloride; EC, Electrical conductivity; PGR, plant growth regulators; POX, peroxidase;
PPO, polyphenol oxidase; SOD, superoxide dismutase;
TDM, triadimefon; TDZ, thidiazuron.
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1. INTRODUCTION
Salinity may be a serious problem for the cultivation
and production of higher plants. The majorities of crop
plants are susceptible and cannot survive under conditions
of high salinity or can survive only with decreased yields.
Salinity affects plant growth by weakening the plant's ability
to absorb water from the soil it lives in. The excess salt
found in soil affected by salinity makes it hard for the plant
to absorb mineral elements necessary to be healthy [1].
To solve this problem, more chemicals must be selected and recommended for the plants cultured over saline
areas. Plant growth regulators or retardants, both natural
and synthetic, are widely applied to agricultural crops as a
means of crop improvement. There is evidence that plant
growth regulators or retardants increase stress resistance
of plants. The role of some chemicals in protecting plants
from various stresses has been reported for several species.
Some of the chemicals are plant growth retardants (chloromequat [also called CCC], paclobutrazol, uniconazole),
plant growth regulators (auxins, cytokinins, gibberellins),
defoliants (thidiazuron, calcium cyanamide), fungicides
(triadimefon, tebuconazole, tetraconazole, bitertanol), calcium or potassium minerals and unclassified plant growth
regulators. An important point; these chemicals must be used
systematically and consciously in agricultural areas [2-4].
Plant growth regulators play important roles in crop
production. In this group; Triazole compounds, such as
paclobutrazol, uniconazole and triadimefon, have both
fungicidal and plant growth regulatory properties, and induce a variety of morphological and biochemical responses
in plants, including retarded shoot elongation, stimulated
rooting, inhibited gibberellins biosynthesis, and protection
from several types of abiotic stresses, such as drought,
salt, heat, chilling [5-10].
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Chlorocholine chloride (CCC, 2-chloroethyl trimethyl
ammonium chloride) is an antigibberellin growth retardant,
with its mechanism based on the restraint of gibberellin
biosynthesis in plant tissues. It has been suggested that
CCC modifies the phytohormonal balance of plants [11].
In barley, a timely application of CCC at a prescribed stage
of apical development has been shown to increase the grain
yield by 10-20% through increasing grain number without
any compensatory decrease in grain size [12]. Chlorocholine chloride, introduced using a semidry seed treatment,
was shown to considerably reduce the concentration of
salinizing (Na+ and Cl-) ions in seedlings and to simultaneously increase the concentration of Ca2+ and NO3- ions
in the leaves. It is suggested that the protective role of
chlorocholine chloride in salinization conditions, which is
manifested by moderating the negative effects of NaCl on
plant productivity, is accomplished by controlling ionic
homeostasis [13].
Thidiazuron (TDZ, N-phenyl-N-1,2,3-thiadiazol-5ylurea) is a substituted phenylurea compound that is registered for use as a herbicide and defoliant. It has high cytokinin-like activity that probably is the basis of its herbicidal and defoliation properties. Researchers discovered
that it was a good substitute for N 6-benzylaminopurine
(BA), zeatin, and other cytokinins that are commonly used
in plant tissue culture, because of its high activity [14, 15].
Triadimefon [1- (4-chlorophenoxy)-3, 3-dimethyl- 1(1H-1,2,4-triazol-1-y1)-2-butanone] is a triazole derivative
and its plant growth regulating properties are mediated by
interference with the isoprenoid pathway and subsequent
shift in balance of important plant hormones, including
gibberellins, abscisic acid (ABA) and cytokinins [16].
There is evidence that TDM can increase drought resistance Guo et al. [17] and salt resistance Bhattacharjee
[18].
Triazole compounds triadimefon and hexaconazole
has growth regulating properties and induced many morphological changes like reduction in shoot elongation,
stimulation of rooting, inhibition of gibberellin synthesis,
increased chlorophyll and protein content, enhanced antioxidant enzyme activity, alter carbohydrate status and increased cytokinin synthesis [19-20]. Triazole compounds
have been shown to improve the yield of many root crops
such as carrot, sugar beet and potato and triazole compounds influences hormone balances, photosynthetic rate,
enzyme activities, lipid peroxidation, detoxification of
active oxygen and yield components in various plants [21].
The aim of present study was to investigate the effects
of chlorocholine chloride, triadimefon and thidiazuron on
the activities of antioxidant enzymes, chlorophyll, proline
and some mineral elements, relative water content, membrane permeability, and some growth parameters in seedlings
of maize cultivar under salinity stress when subjected to
salinity stress in order to elucidate whether the increased
salt resistance induced by growth regulators.

2. MATERIALS AND METHODS
2.1. Plant culture and treatments

The experiment was conducted under greenhouse conditions (18-24 ºC, 60-70% relative humidity, optimum
light density) in Mugla (Turkey) from the end of April to
the middle of June with maize (Zea mays L. cv., DK 647).
Five seeds were sown in each plastic pot containing 10 kg
of peat, perlite, and sand (1:1:1, v/v/v). Then, they were
thinned to 3 plants per pot 7 days after sowing (DAS),
and grown for a further 5 weeks at average day/night
temperatures. Containers were covered with black plastic to
exclude light from the roots. Before the start of treatments,
plants were irrigated for 1 week in order to improve root
development. Plants were manually irrigated every other
day with a nutrient solution (mg L-1): 270 N, 31 P, 234 K,
200 Ca, 48 Mg, 2.8 Fe, 0.5 Mn, 0.5 B, 0.02 Cu, 0.05 Zn and
0.01 Mo adjusted to pH 5.5. Plants were harvested 45
days after seedling emergence.
Treatments were: a.) control (C): nutrient solution
alone; b.) control and salt (C+S): 150 mM NaCl; c.) control, salt and foliar spray of 75 mg L-1 triadimefon
(C+S+TDM); d.) control, salt and foliar spray of 100 mg
L-1 thidiazuron (C+S+TDZ); e.) control, salt and foliar
spray of 750 mg L-1 chlorocholine chloride (C+S+CCC).
Each treatment was replicated 3 times in a randomized
block design, and each replicate included 3 plants. NaCl
added in nutrient solution was 150 mM at first, then, after
that until the first salinization had been reached to 175
mM NaCl, and the plants were grown for the last 10 days
under the 175 mM salt stress condition.
2.2. Enzyme extractions and assays

Approximately 1 g of frozen (in -40 ºC) plant leaf material was homogenised in 50 mM phosphate buffer (pH
7.0) containing 1% polyvinyl pyrrolidine (PVP). The homogenate was filtered and then centrifuged in a refrigerated centrifuge (at 4 ºC) at 12 000×g for 15 min, and the
supernatant obtained was used as crude extract of enzyme.
All steps in the preparation of enzyme extract were carried
out at 4 ºC. Meanwhile the extract was stored at -40 ºC until
use. The activity of SOD (EC: 1.15.1.1) was assayed by
measuring its ability to inhibit the photochemical reduction
of nitroblue tetrazolium as described by Beauchamp and
Fridovich [22]. POX (EC: 1.11.1.7) activity was determined using the guaiacol oxidation method. The increase in
absorbance was recorded at 470 nm within 30 s (linear
phase) after H 2O 2 was added [23]. PPO (EC: 1.10.3.1)
activity was assayed with 4-methylcatechol as a substrate
according to the method of Zaubermann et al. [24].
2.3. Membrane permeability, chlorophyll, carotenoid and
proline contents, leaf relative water content

Membrane permeability (EC%) was assessed as described by Lutts et al. [25] using young leaf discs (diameters 10 mm) of nine plants for each treatment (three per
replicate). Leaf discs were placed in closed vials contain-
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ing 10 ml of deionized water and incubated at 25 °C on a
rotary shaker for 24 h; subsequently electrical conductivity of the solution (Lt) was determined. Samples were then
autoclaved at 120 °C for 20 min and a last conductivity
reading (Lo) was obtained upon equilibration at 25 °C.
The membrane permeability was defined as Lt/Lo and
expressed as percent. Chlorophyll and carotenoid contents
were estimated by extracting 0.05 g of the leaf material in
dimethylsulfoxide method (DMSO) [26]. Leaf relative water
content (RWC%) was estimated according to Wheatherley
[27] and calculated as follows: RWC% = [(fresh mass-dry
mass)/(saturated mass-dry mass)]×100. Proline content in
the leaves was measured as described by Bates et al. [28].
2.4. Growth parameters and analysis of inorganic ions

For dry weight determinations, three plants per replicate were divided into shoot, and roots, and dried in an
oven at 70 ºC for 48 hours to determine dry weights. Plant
shoot weight and stem height were measured by standard
methods. For Na+, Ca2+, K+ and P analysis, samples of
dried leaves and roots were ashed in a furnace for 6 h at
500 ºC. The ash was dissolved with 2 M hot HCl, filtered,
and then brought to a final volume of 50 mL with distilled
water. Na+, Ca2+, K+ and P contents were determined by
ICP-AES and for all inorganic ions the results were expressed in (mmol g-1) dry weight [29].
2.5. Statistical analysis

Each pot was considered as replicate and all of the
treatments were repeated three times. A two-way analysis of
variance (ANOVA) was performed using SAS V6 program.
The means and calculated standard errors are reported.
Statistically different groups were compared using an
LSD test (P < 0.05) [30].
3. RESULTS AND DISCUSSION
3.1. Plant growth parameters

In general, NaCl is a stress factor that decreased the
root and shoot weights and stem height. Plants that were
subjected to salt stress showed a general reduction overall
in the vegetative growth [31]. Shoot and root dry weights
were more affected than the shoot and root fresh weights.
In the present study; CCC, TDM, and TDZ were supplied
by foliar application maize under salinity stress. CCC,
TDM, and TDZ treatment reduced stem height in maize
compared to the control (Fig. 1) NaCl stress significantly
decreased the fresh and dry weights of the seedlings, and
the addition of TDM and TDZ to the NaCl-stressed seedlings increased it to a higher level than the NaCl group,
with an increase in shoot fresh and dry weights, and root
fresh and dry weights, respectively (Table 1). TDM treat-

ment was more effective than the TDZ treatment in increasing the shoot fresh and dry weights, while CCC was
the least effective. At the end of the salinity stress period,
compared to the control, in the absence of added TDM the
shoot fresh and dry weights under salinity stress were
decreased by 43 and 57%, respectively, whereas these
levels were decreased by 27 and 17%, respectively, in the
presence of added TDM. In addition, a similar tendency
was also observed by TDZ treatment (Table 1). Similar
findings have been reported in uniconazole-treated winter
rape seedlings Zhou and Leul [32], and triadimefon-treated
Raphanus sativus L. under NaCl stress [33].
There are various scientific opinions about mode of
action of Triazoles. Characteristic effects of triazoles on
plants include reduced height and stem width, along with
increased compactness, the extent of which is dependent
on plant species, age, as well as dose and method of application. Reduced height is a consequence of triazole induced GA inhibition, exemplified by reduced internodal
elongation [34]. Triazole treated plants characteristically
have smaller leaves, but they are wider and thicker with
more cuticular wax than controls. The leaves, therefore,
have increased leaf dry weight per unit area. Increased leaf
thickness has been correlated with increased cell depth
and diameter and/or additional cell layers [34,35].
According to Sairam et al. [36], triadimefon significantly increased the yield by 13%, grains/ear by 10.5%,
thousand-grain weight by 8%, and harvest index by 13% in
water-stressed wheat plants. Moreover, ameliorative effects
of chlormequat chloride were observed in drought-stressed
Cymbopogon species. Changes in various morpho-physiological traits indicated that chlormequat chloride can partially
alleviate the detrimental effect of drought in aromatic
grasses. Chlormequat chloride decreased plant height significantly in stressed plants of C. martinii [37].
Triazoles have also been shown to influence root growth,
although the effect may be either inhibitory or stimulatory,
depending on the plant and the concentration of the triazole
compound used. Triazoles caused thickening of maize root
apices and increased their starch content. Increased root
diameter has been correlated with larger cortical parenchyma cells in maize and may be due to an increase in the
number of rows and diameter of corticalcells [6].
The effects of triazoles and GA are mutually antogonistic, as seen in examples of inhibition of triazole- induced physiological and biochemical processes. Tria-

TABLE 1 - Effects of chlorocholine chloride, triadimefon and thidiazuron on growth in maize under salinity stress.
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Treatments
Parameters
Control
NaCl
NaCl+CCC
NaCl+TDM
Shoot fresh weight (g)
262a
150d
148d
191b
Root fresh weight (g)
110a
61b
63b
72b
Shoot dry weight (g)
70a
31c
40c
58b
Root dry weight (g)
12.5a
5.3b
5.0b
6.2b
Values followed by the different letters within a row indicate a significant difference at P < 0.05 according to LSD test

leaves under salinity stress (Fig. 1). Low values of membrane permeability were recorded in the control and TDM
treatment group. At the end of the salinity stress period,
the membrane permeability in TDM-treated plants was decreased significantly by 26% compared to the NaCl treatment.
Membrane Permeability (%)

zoles interfere with the first three steps in the pathway of
ent-kaurene oxidation and thus the formation of entkaurenol is inhibited. Inhibited gibberellin biosynthesis
and increased cytokinin and abscisic acid content induced
by these triazoles might be the cause for increased root
growth and in turn dry or fresh weight in plants [34, 38,
39]. Moreover, in several plant species, triazoles reduce
ethylene formation. Through its inhibitory effects on ethylene biosynthesis, triazoles were found to delay senescence of intact. The effects of triazoles are mediated by a
change in hormonal balance. Then all the changes reflect
positively plant growth and development [39].
According to Jaleel et al. [40] triadimefon treatment
partially ameliorated the hazardous effects of salinity by
increasing the growth parameters in the Indian ginseng
plant. In their study, the researchers reported that the plants
showed a reduction in vegetative growth, with respect to
plant height and leaf area when under salt stress. Triadimefon treatment increased these parameters, but only to a
slight extent when compared to the salt-stressed plants.
Results of our study described herein agree with this study
and many other researchers found results [2,41].

3.2. Membrane permeability, relative water content and stem
height

The presence of NaCl in the rooting medium caused a
disturbance in membrane permeability expressed by an
increase in solute leakage or membrane permeability. A
major impact of plant environmental stress (i.e. salt,
drought) is cellular membrane modification, which results
in its perturbed function or total dysfunction (42).
Membrane permeability (%EC) was greater as salt
concentration increased, and reached the maximum values
at 150 mM NaCl. Foliar sprays of CCC, TDM and TDZ
significantly decreased membrane permeability in maize
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An example study about mode of action of triazoles
was established by CCC. The changes in the net photosynthetic rate in potato plants induced by spraying CCC
resulted in changes in plant productivity. It was shown
that the growth rate of potato plants treated with CCC
increased. The CCC induced increase in the productivity
of the plants can be attributed to the acceleration of the
process of photophosphorylation and an increase in the
photosynthetic rate. The results of this study imply that
treatment of plants with CCC may increase the number of
chloroplasts, elevate the concentration of chlorophyll and
carotenoids, accelerate the process of photophosphorylation, and stimulate the photosynthetic rate. This was accompanied by an increase in the growth rate of leaves,
their thickness, and weight, and ultimately in the productivity of the plants [11].
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FIGURE 1 - Effects of chlorocholine chloride, triadimefon and
thidiazuron on membrane permeability (%), relative water content
(%) and stem height (cm) in maize under salinity stress. Different
letters at each treatment point indicate significant differences between
treatments according to LSD multiple range test at P < 0.05 level.

In the present study, the highest membrane permeability values were recorded as a result of the NaCl treatment.
These results agree with the finding of Lutts et al. [25, 43],
where they reported that solute leakage in two rice cultivars
was high for the salt-sensitive cultivar and low for the salttolerant one. Furthermore, similar results were ob-tained
by Ghoulam et al. [44] in sugar beet, and Kaya et al. [45]
in strawberry plants which indicated that high salt concentration increased the membrane permeability. In addition,
Feng et al. [8] reported that relative EC were lower in
leaves treated with TDM during the chilling stress.
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Lukatkin et al. [46] showed that the treatment of cucumber
seedlings with TDZ appreciably reduced the membrane permeability, as evidenced by a significant decrease of electrolyte efflux. It is concluded that TDZ elevates plant resistance
to adverse environments. Enhanced membrane permeability has been considered to be a symptom of stress induced
membrane damage and deterioration [43].

Proline accumulation may be a general response to
salinity stress. Many investigators found accumulation of

Triazole altered the sterol biosynthesis and changed
the composition of sterol in the plasma membrane. Sterols
are belongs to triterpenes, which is a major compound of
cell membrane. This change in sterol composition may
induce changes in cell membrane that may be reflected in
increased membrane stability and acclimatization as observed in plants. Triazoles altered the membrane properties and facilitated the removal of damaged area in the
membranes. These altered sterol composition, removal of
damage area in the membrane and increased kinetin content induced by the triadimefon might have facilitated the
increased membrane stability in plant there by lowered
the membrane permeability [47].
According to Jaleel et al. [19], treatment with triadimefon significantly inhibited the EC in the leaf, stem,
and root tissues of C. roseus. It was found that EC was
reduced under TDM treatment when compared to control. In addition, the same researchers reported that triazole
treatments inhibited the EC in carrot in another study
[48]. These results are in agreement with our study.
In our study, it was found that salt stress also affected
RWC (Fig. 1). The decrease in RWC indicated a loss of
turgor that resulted in limited water availability for the cell
extension process [49]. Many important biotic and abiotic
factors, such as leaf enlargement, stomatal opening, associated leaf photosynthesis, and salinity of rhizosphere are
directly affected by the reduction of leaf turgor potential
which accompanies the loss of water from leaf tissue [50].
Leaf RWC declined significantly with salinity stress
treatment compared to control treatment. It is well established that the RWC reflects the water status in plants,
and is related to the growth and salinity resistance. In our
experiment, TDM and TDZ slightly improved the RWC
of leaves and increased it by 3% and 5.5%, respectively,
compared to the control at the end of the salinity-stress
period. But this increase didn’t statistically important. CCC
slightly reduced the RWC of leaves, and all of the applied
triazoles inhibited the stem height (Fig. 1).
Similar reports have been made for many plant species
under salinity stress conditions. The decrease in RWC under
salinity stress due to salinity has already been reported [45,
51, 52]. Similarly, Feng et al. [8] reported that RWC was
higher in leaves treated with triadimefon during the chilling
stress, and triadimefon inhibited the shoot or root length of
cucumber seedlings, and increased their root weight or
root/shoot ratio.
3.3. Proline, chlorophyll and carotenoid contents

1605

© by PSP Volume 21 – No 6a. 2012

Fresenius Environmental Bulletin

amino acids, especially proline, in plants exposed to salinity stress [45,53,54]. Proline accumulation may contribute
to osmotic adjustment at the cellular level [55]. Proline
may act as an enzyme protectant, stabilizing the structure
of macromolecules and organelles.
In the present experiment described herein, the proline
contents in all of the NaCl and CCC-TDM-TDZ-treated
leaves were increased remarkably with respect to the
control (Table 2). NaCl and CCC-TDM-TDZ-treated leaf
proline content were increased significantly by 114%,
112%, 155%, and 108%, respectively, compared to the
control. The results of this study indicated that the level of
proline could be a good monitor of NaCl-stress protection
in maize, and triadimefon treatment most indicated the
accumulation of proline. The proline content increased in
the seedlings under NaCl stress and in all of the chemical
treated leaves, but the addition of TDM to the plants
markedly and maximally increased the proline content.
In wheat seedlings, triazole treatment increased rooting and reduced the loss of membrane integrity and photosynthetic efficiency associated with waterlogging in the
untreated controls. It has been suggested that protection
from abiotic stress by triazoles may, in part, be the result

of their effects on increasing the concentrations of ABA
and amino acids, spesifically proline [34]. Possible mechanism is triazole induced a transient raise in ABA content and this raise in ABA induced by TDM might have
caused the increase in aminoacid and proline content in
plant [3]. Increased proline in stressed plants may be an
adaptation to overcome the stress conditions. Proline
accumulated under stressed conditions supplies energy for
growth and survival, and thereby helps the plant to tolerate the stress. Proline accumulation in plants might be a
scavenger and acting as an osmolyte [3]. The triadimefon
treatment increased the proline content in the leaves, stem,
and root of C. roseus plants compared to the control [19].
Moreover, mulberry plants treated with triadimefon showed
an appreciable increase in free proline content [56].
NaCl treatment caused a major decline in chlorophyll
content. Addition of CCC and TDM to the NaCl-stressed
seedling caused a significant increase in the Chl a content
in leaves when compared to the NaCl group, especially.
A similar increase was also observed with the carotenoid
content (Table 2). For the total chlorophyll contents in
leaves, the total chlorophyll contents of the TDM-treated

TABLE 2 - Effects of chlorocholine chloride, triadimefon and thidiazuron on proline, chlorophyll and carotenoid contents in maize under
salinity stress.

Parameters
Control
NaCl
Proline (µmol g-1 FW)
7.11c
15.25b
Chlorophyll a (mg g-1 FW)
2.96a
1.09d
Chlorophyll b (mg g-1 FW)
1.02a
0.48c
Total chlorophyll (mg g-1 FW)
3.98a
1.57c
-1
Carotenoid (mg g FW)
4.77a
2.42b
Values followed by the different letters within a row indicate a significant difference

plants were increased significantly by 70% when compared
to the NaCl group. A similar increase was also seen with
the carotenoid content by 102% and 105% with the TDM
and TDZ treated plants respectively. Carotenoid function as
protective photo-oxidative pigments responsible for the
quenching of chlorophyll excited states. Singlet oxygen and
the interception of deleterious free oxygen and organic
radicals are caused by drought or salt-induced photoinhibition. The increased foliar concentrations of carotenoids
in triazole treated plants likely play an important role in
reducing salt-induced photoinhibitory damage [57].
According to Jaleel et al. [10] triadimefon treatment
increased the chlorophyll content in the Indian ginseng
plant when compared to control plants. The increased
chlorophyll content under triadimefon treatment might
be due to the ability of triadimefon to increase cytokinin
production, and thereby stimulated chlorophyll biosynthesis as described by Fletcher et al. [39].
Light-scattering spectroscopy and microscopy has established that the cross-sectional areas of triazole treated
chloroplasts are significantly larger than those in untreated

Treatments
NaCl+CCC
NaCl+TDM
15.14b
18.08a
1.32c
1.98b
0.54c
0.69b
1.86c
2.67b
2.21b
4.88a
at P < 0.05 according to LSD test

NaCl+TDZ
14.84b
1.28c
0.49c
1.79c
4.97a

leaves. An increase in cytokinins by triazoles could lead to
the observed enhanced chloroplast size and chlorophyll
levels. In maize, triazole treatment did not change the
number of chloroplasts, but there was more chlorophyll
per chloroplasts [34,39].
Rivelli et al. [58] reported that the alteration of pigment
composition resulted in a decrease of the chlorophyll content in wheat under salinity stress. Pinhero and Fletcher [59]
and Muthukumarasamy and Panneerselvam [60] observed
an increase in chlorophyll and carotenoid pigments from
treatments with the triazoles compound paclobutrazol and
triadimefon in maize and peanut seedlings under heat and
salt stress, respectively. In addition, in other studies, significant increases were also observed in chlorophyll content by 24%, and protein content by 56% respectively, in
triadimefon-treated cucumber plants under chilling stress
and wheat plants under water stress [9,36]. A regulatory
effect of Chlorocholine chloride on plant growth has also
been reported by Ray and Bhattacharya [61] and Sharma
[62]. According to these researchers, chlorocholine chloride might induce plant growth by causing an increase in
chlorophyll content and photosynthesis. Similar results
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have been reported by Wang et al. [63]. These authors
indicated that CCC treatment significantly improves the
photosynthetic capacity of potato leaves and promotes
photoassimilates partitioning into tubers, thereby enhancing
tuber growth. CCC-treated leaves had significantly higher
chlorophyll and carotenoid contents, and assimilated 22.0%
more 14CO2 per leaf dry mass than the respective controls.
3.4. Antioxidant enzyme activities

Scientific evidence suggests that triazoles-induced stress
protection may also be due to a prevention of oxidative
assault, either through reduced generation, or enhanced
detoxification of oxygen free radicals [64]. In recent studies, the responses of SOD, CAT and POX enzyme activities suggested that oxidative stress is an important component of maize plants under stress [65-67].
In the study herein, NaCl treatments significantly increased POX and SOD enzyme activities in maize leaves
(Fig. 2). The activities of POX and SOD were increased
in the maize leaves compared to the control significantly
by 80.8%, and by 103.1%, respectively. The PPO activity,
on the other hand, showed an opposite trend with regard to
salinization in the maize leaves. The highest antioxidative
enzyme activities (POX, PPO, and SOD) were obtained
from leaves of the TDM-treated plants, which were 194%,
10%, and 122% higher than that of the control, respectively. It can be concluded that the application of TDM
caused an important alleviation of the adverse effects of
salinity stress by its antioxidant potentials in maize plants.
In the present study, salt stress reduced the activity of
PPO in maize plants when compared to the control. However, the TDM application was very effective in increasing the PPO activity to a level even greater than that observed for the control. A decrease in PPO will induce
accumulation of total phenols, and in turn indole acetic
acid (IAA) catabolism, by increasing the activity of IAA
oxidase that in turn retards growth during salt stresses. This
increased PPO activity with TDM application may decrease the phenol content thereby protecting the level of
IAA, and this can increase cell and cell wall growth. The
increased PPO activity is well correlated with the increase
in the growth of TDM-treated plants [10,39].
Plants receiving triazoles (such as triadimefon) have
significantly higher antioxidative system levels when compared to plants under control conditions. The involvement
of the antioxidative system in the regulation of free-radical
metabolism was followed by measuring changes in the
antioxidant enzyme activities when plants experiences stress
from an abiotic factor like a fungicide. There should be an
enhancement in the production of toxic free-radicals of
H2O2, O2•−, •O2 or •OH, which should be detoxified in
terms of increased antioxidant enzyme activities. Enhancement of SOD activity under triazole treatments may be an
indicator of superoxide production. High levels of SOD
should be followed by scavenging of H2O2 catalysed by
APX and CAT [4,68].

Protection of plants from apparently unrelated stress
by triazole is also mediated by a reduction in free radical
damage, and increase in the antioxidant potential. According to Jaleel et al. [69] triadimefon treatment enhanced the
ROS scavenging capacity of Catharanthus plants. In
peanut plants, it has been reported that the adverse effects
of water stress can be minimized by the application of
paclobutrazol, which is a triazole compound, by increasing the antioxidant levels and activities of scavenging
enzymes such as SOD, APX (Ascorbate peroxidase), and
CAT (Catalase) [70].
The study of Manivannan et al. [3] on Helianthus
annuus has shown that drought-stressed plants under
triadimefon treatment maintain a balance between formation and detoxification of activated oxygen species,
lead120
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FIGURE 2 - Effects of chlorocholine chloride, triadimefon and
thidiazuron on antioxidant enzyme activities in maize under salinity
stress (SOD:Unit mg-1 protein; PPO: Unitx100 mg-1 protein; POX:
ΔA470 min-1 mg-1 protein) Different letters at each treatment point
indicate significant differences between treatments according to
LSD multiple range test at P < 0.05 level.

ing to partial improvement of their response to droughtinduced oxidative stress. From the results of this investigation, it can be concluded that the application of TDM
caused a partial amelioration of the adverse effects of
drought stress by its influence on quaternary ammonium
compounds and antioxidant potentials in H. annuus plants.
Our results also confirmed those findings.
Above reported results are in agreement with those of
Jaleel et al. [10], who reported that triadimefon treatment
caused an increase in the activities of antioxidant enzymes
like SOD, POX, PPO and CAT. It can be concluded that
triadimefon can be used as a potential tool to enhance the
antioxidant potential in the medicinal plant W. somnifera.
It is not surprising therefore; the triazoles have a
broad spectrum of activity. In plants, ABA, which has been
implicated in the hardening process, and cytokinins, which
delay senescence, is increased. By contrast, levels of ethylene, a stress hormone, are decreased. Triazoles increase
anti-oxidants such as carotenoid, ascorbic acid and vitamin
E and reduce damage caused by several stresses [64, 71].
The stress protection offered by triazoles depends heavily
on the modulation of the activity and levels of antioxidants.
To sum up, triazoles seem to induce increased stress resistance by: 1.) Increasing photosynthetic efficiency,
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thereby reducing the generation of free radicals, 2.) Increasing the levels of antioxidant involved in both the
prevention of free radical generation, 3.) Dissipating excess light energy via xantophyll cycle, 4.) Stabilizing the
membrane structure even under stress conditions, 5.) Increasing the root/ shoot ratio and more effective transpirational
cooling [39, 64].
3.5. Inorganic ions (macronutrients) in leaves and roots

NaCl treatment reduced the macronutrient (Ca2+, K+,
and P) concentrations in the maize leaves and roots compared to the control treatment (Table 3). Generally, in the
control plants, the higher concentrations of nutrients were
found in the leaves and roots. To assess the effect of salinity on the mineral composition of plants, the concentration of minerals in the tissues of plants receiving salt treatments was compared to that measured for the controls.
In the NaCl-treated leaves, the contents of Ca2+, K+,
and P dropped 66%, 43%, and 30%, compared to the control, respectively. In roots, these ratios, dropped to 54%,
25%, and 30%, compared to the control, respectively. In
general, macronutrients decreased also with salinity, but
increased with CCC, TDM, and TDZ treatment. In the
leaves and roots, maximum Ca2+, K+, and P contents
(mmol g-1) were 0.27, 1.10, and 0.12, for CCC, CCC, and
TDM treatments and 0.66, 0.75, and 0.13 for CCC, TDM

and TDM treatments, respectively. Although leaf Na+
content was affected by NaCl treatment, and there was a
significant increase in Na+ content in stressed plants relative to control plants, foliar application of TDM inhibited
plant Na+ uptake most effectively, compared to the other
chemical’s application.
The decrease of the cationic nutrients (K+, Ca2+, Mg2+)
in response to NaCl stress was well established and cases
of salinity-induced deficiencies are recently reported [45,
72]. Furthermore, it was observed that the decrease of K+
concentration, due to NaCl-salinity, is associated with plants
showing the most relevant growth suppression. Our findings
follow the cited general rule.
According to Hajihashemi et al. [73], salt stress decreased the content of K+, P and N in leaf and roots in
salt-stressed wheat plants. On the other hand, paclobutrazol treatment enhanced the K+, P and N contents in leaf
and roots by increasing salinity. Researchers reported that
paclobutrazol treatment reduced the accumulation of detrimental Na+ ions in plant tissues while increased the K+,
P and N contents. Tolerance mechanisms can be categorized as those that function to minimize abiotic stress or
ion disequilibrium or alleviate the consequent secondary
effect caused by these stresses.

TABLE 3 - Effects of chlorocholine chloride, triadimefon and thidiazuron on leaf and root Na+, Ca2+, K+, P content (mmol g-1) and Na/Ca or
Na/K ratio in maize under salinity stress.
Treatments
Control
NaCl
NaCl+CCC
NaCl+TDM
NaCl+TDZ
Parameters
leaf root
leaf root
leaf root
leaf root
leaf root
Na+
0.08c-0.12c
0.44a-1.08a
0.45a-1.02a
0.15b-0.87b
0.47a-0.90b
2+
Ca
0.36a-0.66a
0.12d-0.30c
0.27b-0.66a
0.21c-0.57b
0.18c-0.34c
K+
1.30a-0.77a
0.73c-0.58c
1.10b-0.62b
1.04b-0.75a
1.04b-0.60b
P
0.13a-0.13a
0.09b-0.09b
0.10b-0.12b
0.12a-0.13a
0.09b-0.11b
Na/Ca
0.22e-0.18d
3.63a-3.54a
1.64c-1.54c
0.71d-1.52c
2.55b-2.62b
Na/K
0.06c-0.15e
0.60a-1.86a
0.40a-1.65b
0.15b-1.15d
0.46a-1.48c
Values followed by the different letters within a row indicate a significant difference at P < 0.05 according to LSD test.
TABLE 4 - A comparative analysis of the efficacy on some important parameters of chlorocholine chloride, triadimefon and thidiazuron
S
S+CCC
% of S S+TDM
% of S
S+TDZ
% of S
Total chlorophyll
1.57 ± 0.39c
1.86 ± 0.23b
118
2.67 ± 0.13a
170
1.79 ±0.31b
114
RWC (%)
59 ± 13.31c
70 ± 3.51b
118
81 ± 6.50a
137
83 ± 4.72a
140
Shoot FW (g)
150 ± 13.2c
148 ± 7.02c
98
191 ± 13.6a
127
166 ±10.1b
110
Stem Height (cm)
102 ± 3.78a
88 ± 1.01b
86
91 ± 4.04b
89
90 ± 2.08b
88
Leaf Na/Ca ratio
3.63 ± 0.77a
1.64 ± 0.32c
45
0.71 ± 0.14d
20
2.55± 0.48b
70
Leaf Na/K ratio
0.60 ± 0.09a
0.40± 0.02b
67
0.15 ±0.01c
25
0.46 ±0.03b
76
SOD
88 ± 3.51ab
71 ± 3.60c
80
96 ± 3.21a
109
81 ± 2.51b
92
EC (%)
79 ± 2.00a
66 ± 1.52b
83
58 ± 3.02c
73
64 ± 2.88b
81
Total chlorophyll (mg g-1FW) and SOD (unit mg-1 protein), S: salt, CCC: Chlorocholine Chloride, TDM: Triadimefon, TDZ: Thidiazuron. Each data
point represents the mean value of three plant samples ± standard error. Values are statistically significant from NaCl treatment and values followed
by the different letters within rows indicate a significant difference at P < 0.05 according to LSD test.

These observations suggest that paclobutrazol treatment may increase tolerance by diminishing ionic imbalance caused by salt stress. It is reasonable to suggest that
triazole treatment may increase tolerance by diminishing
nutritional imbalance in plant caused by salt stress. In
addition, according to Wang et al. [74], chlorocholine

chloride treatment improves mineral nutrition and SOD,
POD and CAT activities in potato leaves, which might
have contributed to the higher tuber yield of the crop
grown under suboptimal conditions. Our findings are in
harmony with these studies.
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Increasing leaf and root levels of Na+ could lead to a
Na/Ca and Na/K imbalance. The imbalance of Na+, Ca2+
and K+ in plants can lead to some physiological and biochemical disturbances [75]. In the present study, Na/Ca
and Na/K rates were alleviated by CCC, TDM and TDZ
treatment, but TDM was consistently the most effective. It
is accepted that competition exists between Na+ and K+
leading to a reduced level of internal K+ at high external
NaCl concentration [76-77]. This can result in high Na/K
ratios that reduce plant growth, and eventually become
toxic [78]. The present study also revealed that 150 mM
NaCl induced a significant decrease in K+ uptake, while
the application of supplied chemicals enhanced K+ uptake
by maize plants. It is important to develop an understanding of how plant roots are capable of distinguishing between essential potassium and potentially toxic sodium
ions. Distinguishing between these two ions is not trivial
because they are similar in ionic radius and ion hydration
energies, which are both factors in determining how these
ions move through membrane proteins into cells and
whole plants [79].

[3]

Manivannan, P., Jaleel, C.A., Somasundaram, R. and Panneerselvam, R. (2008) Osmoregulation and antioxidant metabolism in drought-stressed Helianthus annuus under triadimefon drenching. Comptes Rendus Biologies, 331,418–425.

[4]

Kishorekumar, A., Jaleel, C.A., Manivannan, P., Sankar, B.,
Sridharan, R., Murali, P.V. and Panneerselvam, R. (2008)
Comparative effects of different triazole compounds on antioxidant metabolism of S. rotundifolius. Colloids and Surfaces
B: Biointerfaces, 62,307–311.

[5]

Fletcher, R.A., Hofstra, G.H. and Gao, J.G. (1986) Comparative fungitoxic and plant growth regulating properties of triazole derivatives. Plant and Cell Physiology, 27,367–371.

[6]

Fletcher, R.A. and Hofstra, G. (1988) Triazoles as potential
plant protectants. In: Berg, D. and Plempel, M. (Eds), Sterol
Biosynthesis Inhibitors. Ellis Horwood, Cambridge, pp 321331.

[7]

Rademacher, W. (1992) Biochemical effects of plant growth
retardants. In: Gausman, H.W. (Ed) Plant Biochemical Regulators. Marcel Dekker, New York, pp 169–200.

[8]

Feng, Z., Guo, A. and Feng, Z. (2003a) Amelioration of
chilling stress by triadimefon in cucumber seedlings. Plant
Growth Regulation, 39,277–283.

At the conclusion of this study, our results showed that
there were significant varietal effects on the total chlorophyll contents, relative water content, shoot fresh weight,
stem height, macronutrient ratio, SOD activities of leaves
and membrane permeability compared to the NaCl treatment. These some comparative effects are shown in Table 4.

[9]

Feng, Z., Wang, J. and Feng, Z. (2003b) Effect of triadimefon
on cucumber seedlings growth and their resistance to chilling
injury. Ying Yong Sheng Tai Xue Bao, 14,1637–1640.

In addition to confirming previous reports that CCC,
TDM and TDZ protect plant from salinity stresses, the
present study shows that the degree of protection is dependent on the plant growth regulators or plant growth
retardant derivative used. Among the chemicals tested, it
was concluded that the plant growth regulator (as origin
systemic fungicide) TDM, was more effective than the
CCC and TDZ, in protecting maize plants from salinity
stress. Further studies are necessary to establish the molecular basis of this protective effect by various chemicals.
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