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SORPTION OF AMMONIA NITROGEN ON SUSPENDED 
SEDIMENTS IN LANZHOU SECTION OF THE YELLOW 

RIVER, CHINA 

Wu Fuping, Wang Yingchao, Xia Chuan, Huo Jinyan, Wei Bigui 

(Engineering Research Center for Cold and Arid Regions Water Resource Comprehensive Utilization of Ministry of Education, 
School of Environmental and Municipal Engineering, Lanzhou Jiaotong University, Lanzhou, Gansu, 730070, China) 

ABSTRACT 

To explore the mechanism of water self-
purification, the adsorption properties of ammonia 
nitrogen on the suspended sediment with different 
particle sizes in the Lanzhou section of the Yellow 
River, China were studied. The effects of sediment 
amount, concentration of ammonia nitrogen, 
sediment size and chemical components on the 
ammonia nitrogen adsorption, were analyzed. The 
results indicated that the Langmuir model provides 
a better description of equilibrium adsorption 
capacity of ammonia nitrogen, and the adsorption 
kinetics fits well to the pseudo-second-order kinetic 
model. Sediment amount has a significant effect on 
the adsorption of ammonia nitrogen, and both the 
adsorption capacity and equilibrium time have 
remarkable inverse relationships with the sediment 
amount. The initial concentration of ammonia 
nitrogen is positively correlated with ammonia 
nitrogen adsorption capacity and equilibrium time. 
In addition, the decrease of sediment size leads to 
increase in the ability to absorb ammonia, the 
adsorption capacity and the degree of reaction 
spontaneity. Moreover, the contents of organic 
matters, Fe2O3, Al2O3 and MgO in the sediment 
increase with the decrease in particle size, which 
has a positive effect on the maximum adsorption 
capacity of sediment. In summary, the sediment 
adsorption of ammonia has a positive effect on 
water self-purification in Lanzhou section of the 
Yellow River, China. 

KEYWORDS:  
the Yellow River; ammonia nitrogen; suspended 
sediment; adsorption; water self-purification; adsorption 
kinetics; Isothermal equilibrium 

INTRODUCTION 

The Lanzhou section of the Yellow River, 
China  is wide and shallow with a high silt content, 
in which the purification of aqueous-phase 
pollutants mainly occurs through sediment 
adsorption or subsidence[1]. Development of the 

Yellow River coastal economy in recent years has 
led to increased sewage and wastewater emissions, 
resulting in heightened water pollution of the 
Yellow River Basin. Consequently, studying the 
influence of sediment on water quality of the 
Yellow River has become a priority for relevant 
departments. Ammonia is one of the prominent 
pollutants and an excess of ammonia can lead to 
phenomenon of eutrophication, as well as toxic 
effects on fish and other aquatic organisms [2, 3]. 
Since Lanzhou city using the Yellow River water as 
the main water source in industry and agriculture, 
as well as drinking water for people and livestock, 
studying ammonia adsorption to the sediment has 
important practical implications for understanding 
the water self-purification capacity of the Lanzhou 
section of the Yellow River [4, 5]. 

At present, there are few studies on sediment 
adsorption and ammonia degradation, and most of 
them are confined to the middle reaches of the 
Yellow River.  These studies typically focus on the 
role of sediment particles in the ammonia 
nitrification and degradation processes [6-10], but 
research on adsorption of ammonia to the sediment 
itself has rarely been reported. Furthermore, results 
of such research have not given adequate 
consideration to issues such as the impact of 
ammonia adsorption, sediment classification, etc. 

This paper assesses water quality of the 
Lanzhou section of the Yellow River through 
testing of silt content, sediment grain sizes and 
initial concentration of ammonia and other 
parameters. Detailed analysis revealed the role of 
sediment in ammonia adsorption and degradation 
processes in the Lanzhou section of the Yellow 
River, providing a basis for environmental 
assessment and water quality improvement of the 
Yellow River Basin. 

MATERIAL AND METHODS 

Materials. The test water and sediment were 
taken from the Silver Beach Bridge located in the 
Lanzhou section of the Yellow River. Samples were 
collected from the middle of the river under the 
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surface of flowing water by lowering a bucket 
down with rope. After adequate precipitation, the 
supernatant and the sediment were collected, 
respectively. 

The collected water samples had a pH range of 
7.7-8.3 and the ammonia concentration ranged from 
0.12-0.38 mg/L. The water samples were filtered 
through a 0.45 μm filter membrane, sealed and 
stored in dark at room temperature.   

The collected sediment was placed in a bucket, 
which was then filled with river water. The 
sediment was left to soak for two weeks and the 
water was changed twice daily. This process 
involved siphoning the water from the suspended 

sediment and stirring ensuring no silt remained at 
the bottom of the bucket. After the two weeks 
soaking period, the water was removed to allow the 
remaining sediment to dry. The effect of impurity 
on the sediment surface were eliminate by this 
procedure. 

The sediment sample was obtained by dry-
sieving through stainless steel sieves and then 
analyzed to determine the sediment particle size 
grading and major chemical composition. As shown 
in Fig. 1 and TABLE 1, the median particle 
diameter (D) values of the three sediment grades 
are 15.721, 43.660 and 67.188 μm. 

TABLE 1 
The main chemical composition of sediment in Lanzhou section of the Yellow River 

Median particle diameter D(µm) Organic matters Fe2O3 SiO2 Al2O3 MgO CaO Na2O K2O 
15.721 1.154 6.17 51.85 15.33 3.34 9.61 1.35 3.19 
43.660 0.286 3.93 54.74 9.49 1.89 9.53 2.58 1.79 

67.188 0.217 2.56 57.34 6.36 1.12 8.78 2.87 1.27 

FIGURE 1 
Grading curve of sediment particles in Lanzhou section of the Yellow River 

TEST METHODS 

The ammonia concentration was measured 
using Nessler's reagent spectrophotometry. The 
concentration and content of sediment organic 
matters ware determined by using potassium 
dichromate as digestion solution. The sediment 
particle size distribution was analyzed using the 
Mastersizer2000 Malvern automatic Zetasizer 
(Malvern Instruments Ltd, UK). The chemical 
composition of the sediment was analyzed using the 
MagixPW2403 X-ray fluorescence spectrometer 
(Dutch Philips, US). 

Adsorption modelAdsorption model. The 
adsorption models used in this paper are described 
as follows: 

(1)  Pseudo first order kinetic equation 
expression 

1( )e
dq k q q
dt


         (1) 

Where: q is the adsorption amount at time t, 
mg/g; qe is the equilibrium adsorption amount, 
mg/g; k1 is the rate constant, h-1; t is the adsorption 
time, h. 

(2) Pseudo-second order kinetic equation 
expression 

2
2 ( )e

dq k q q
dt


        (2) 
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Where: k2 is the rate constant, h-1; other 
variables are the same as (1). 

 (3) Langmuir (L) isotherm expression: 

1
m l e

e
l e

S K Cq
K C


  (3) 

Where Sm is the maximum sediment 
adsorption of pollutants, mg/g; Kl is the adsorption 
coefficient; qe is the equilibrium adsorption amount, 
mg/g; Ce is the equilibrium concentration in the 
aqueous phase, mg/L.  

(4) Freundlich (F) isotherm expression 

      
n

e f eq K C     (4) 
Where Kf represents the adsorption intensity; 

n is the absorption index. 

Ammonia adsorption kinetics test. Samples 
were splited into two groups: 200 ml of sample 
water in Erlenmeyer flasks were (1) treated such 
that ammonia concentration in each sample was 
equal between samples and various sediment 
concentrations were used; (2) treated such that the 
sediment concentration in each sample was fixed 
and the initial ammonia concentration varied 
between samples. All the adsorption tests repeated 
in duplicate and the results are the mean values in 
this paper. To eliminate the effects of ammonia 
nitrogen adsorbed on original sediment sample, 
blank test corrections were performed to reach the 
final determined values. The water samples were 
placed into a temperature oscillation chamber with 
an oscillation speed of 200 ± 5 r/min and a water 
temperature of 20±0.5 ℃  for 24 h. Sampling 
occurred at various points within this time period 

and the supernatant was then collected after 
standing for 1 h and the ammonia concentrations 
were measured for each sample at every time point 
after filtration through a 0.45 µm filter membrane. 
The adsorption capacity of sediment for ammonia 
was calculated at each time point based on the 
initial concentration of ammonia and the 
concentration of sediment in the sample. 

Ammonia isothermal equilibrium 
adsorption experiment. This test was carried out 
with three classes of sediment particle size, and 
each particle sizes was divided into several 
sediment concentrations and initial concentrations 
of ammonia. The preparation, measurement and 
calculation of the test water samples and the initial 
concentration of ammonia were performed in the 
same manner as in the ammonia adsorption kinetics 
tests. The only differences were the time spent in 
the temperature oscillation chamber and the time 
allowed to stay thermostatic before supernatant 
collection (48h and 2h, respectively). 

RESULTS AND DISCUSSION 

Influence of sediment concentration on the 
adsorption of ammonia 

The rate of ammonia adsorption over time 
with an initial ammonia concentration of 1mg/L 
and different sediment concentrations (S) are shown 
in FIGURE 2. TABLE 2 list the fitting parameters 
for two adsorption kinetics equations.

FIGURE 2 
Effect of time on the adsorption capacity of ammonia nitrogen for various concentration of sediment 
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TABLE 2 
Fitting parameters of adsorption kinetics for different sediment concentration 

S
( g/L) 

quasi-one kinetic quasi-two kinetic 
q k1 R2 q k2 R2 

0
.25 

3
.585

1.429 0.8819 3.
839

0.453 0.9963 
0

.5
2

.755
1.225 0.8620 2.

843
0.656 0.9959 

1 1
.526

1.482 0.8652 1.
503

2.331 0.9952 

2 0
.649

0.376 0.9440 0.
784

0.523 0.9932 

3 0
.484

0.450 0.9193 0.
586

0.598 0.9768 

5 0
.252

0.296 0.9340 0.
382

0.304 0.7894 

FIGURE 2 shows that with increasing 
sediment concentration, the ammonia adsorption 
capacity decreased, and the adsorption rate is 
reduced accordingly. In contrast, higher sediment 
concentrations allowed for shorter equilibrium 
adsorption times. 

Overall, ammonia adsorption equilibrium 
time, equilibrium adsorption capacity and 
adsorption rate decrease per unit of sediment mass 
as sediment concentration increases. These results 
are consistent with the findings of other researchers, 
domestic and abroad[11, 12]. This behavior can be 
explained by the surface area available for 
adsorption. When adsorbate (initial concentration of 
ammonia) is constant, the higher adsorbent 
(sediment) concentration provides more points for 
adsorption, hence the shorter equilibrium 
adsorption time.  The higher sediment 
concentration also creates interference; sediment 
particles can interact with each other, thus reducing 
the effective surface area per unit mass of sediment. 
This interaction leads to the resultant decrease in 
equilibrium adsorption value of ammonia per unit 
mass of sediment (see TABLE 2), and the 

decreasing corresponding values qe-q. This in turn 
reduces the driving force for adsorption and the 
adsorption rate. 

Table 2 shows the equilibrium adsorption 
capacity (qe) of the two kinetic models varies 
significantly. When sediment concentration 
increases from 0.25 g/L to 5.0 g/L, qe is reduced 
from 3.585 mg/g to 0.252 mg/g. This shows that the 
sediment concentration and ammonia adsorption 
capacity have a significantly negative correlation. 
The correlation coefficient of the pseudo-second 
order equation is significantly higher than that of 
pseudo first order dynamics, illustrating that the 
kinetics of the ammonia adsorption are more 
consistent with pseudo-second order kinetic 
equation parameters. 

Ammonia adsorption capacity changes with 
the sediment concentration for three classes of 
sediment particles under the condition of different 
initial ammonia concentrations (C0) are presented 
in FIGURE 3. The fitting parameters of the two 
kinds of adsorption isotherm expressions under the 
corresponding conditions are also listed in TABLE 
3.
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D=15.721µm 

D=43.660µm

D=67.188µm

FIGURE 3 
The effect of sediment concentration on the equilibrium adsorption capacity of ammonia nitrogen 
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TABLE 3 
Fitting parameters of isothermal adsorption equation for ammonia nitrogen 

S(g/L) 
Fitting parameters of Langmuir 

D =15.521µm D =43.660µm D =67.188µm 
Sm Kl R2 Sm Kl R2 Sm Kl R2 

0.25 9.149 4.443 0.9980 4.581 4.297 0.9987 3.807 3.124 0.9990 
0.5 6.485 5.863 0.9972 3.811 1.340 0.9984 1.566 1.097 0.9650 
1.0 3.370 5.414 0.9996 3.011 0.670 0.9843 1.705 1.043 0.9786 
2.0 1.804 1.218 0.9671 0.979 0.324 0.6923 0.872 0.236 0.7140 

Average value 6.116 3.485 0.9905 3.096 1.658 0.9184 2.351 0.887 0.9142 

S(g/L) 
Fitting parameters of Freundlich 

D=15.521µm D=43.660µm D =67.188µm 
Kf n R2 Kf n R2 Kf n R2 

0.25 6.893 0.2282 0.7867 3.703 0.1165 0.9612 2.700 0.2383 0.8251 
0.5 5.374 0.1264 0.8227 2.121 0.3276 0.9706 0.824 0.3039 0.9848 
1.0 2.737 0.1501 0.8296 1.156 0.5205 0.9335 0.845 0.3701 0.9643 
2.0 0.963 0.3411 0.9221 0.259 0.5053 0.8973 0.167 0.6636 0.9813 

Average value 4.069 0.2389 0.8403 1.810 0.3675 0.9407 1.153 0.4186 0.9389 

As shown in FIGURE 3, sediment 
concentration has a significant influence on the 
amount of ammonia adsorbed. Ammonia 
equilibrium adsorption capacity decreased with 
increasing sediment concentration. Sediment of 
different sizes display this same behavior. Sediment 
adsorption capacity is negatively correlated with 
sediment concentration. This conclusion coincides 
with the "unit mass of sediment adsorption capacity 
of ammonia decreases with the increase of sediment 
concentration". The dynamics expression 
emphasizes the impact of sediment concentration 
on the adsorption rate, while adsorption isotherm 
expression explains the impact of sediment 
concentration on the equilibrium adsorption 
capacity.  

From TABLE 3 we can known that the 
maximum adsorption capacity Sm and adsorption 
intensity Kf both significantly decreased with the 

increase of sediment concentration. This proves, 
from the model itself, that sediment concentration 
has a negative correlation with Sm and Kf. Overall, 
there is little difference between the two isotherm 
models in terms of fits for sediment adsorption of 
ammonia, with the correlation coefficient > 0.9 for 
both. The L isotherm fits well at lower sediment 
concentrations, but the correlation decreases as the 
concentration increases, while the fit is not as 
obvious for the F isotherm. 

Influence of initial ammonia concentration 
on the adsorption of ammonia. FIGURE 4 shows 
the change of ammonia adsorption capacity over 
time, with a different initial ammonia concentration 
(C0) of ammonia nitrogen. Table 4 lists the fitting 
parameters of two adsorption kinetics equations. 
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FIGURE 4 
Effect of time on the adsorption capacity of ammonia nitrogen for various initial concentration of 

ammonia nitrogen 

TABLE 4 
Fitting parameters of adsorption kinetics for different initial concentration of ammonia nitrogen 

C0 mg/L  
quasi-two kinetic quasi-two kinetic 

qe k1 R2 qe k2 R2 
0.25 0.269 2.455 0.5490 0.318 4.697 0.9956 
0.5 0.285 3.897 0.3467 0.326 5.636 0.9863 
1 0.793 4.351 0.5689 0.790 -38.540 0.9994 

1.5 1.105 1.682 0.6582 1.385 0.711 0.9926 
2 1.325 0.691 0.9012 1.471 0.640 0.9984 

As seen in FIGURE 4, ammonia equilibrium 
adsorption capacity gradually increases with the 
higher initial ammonia concentration; the 
adsorption rate increased accordingly. Additionally, 
the low initial concentration of ammonia will more 
easily achieved equilibrium. Overall, per unit mass 
of sediment, ammonia adsorption equilibrium time, 
equilibrium adsorption capacity, and adsorption rate 
increase with increasing initial ammonia 
concentration. This occurs because the sediment 
adsorption process involves a constant fluctuation 
of contaminants between the aqueous and sediment 
phases. When there is a high ammonia 
concentration at a particular sediment 
concentration, a larger amount of the ammonia 
content in the aqueous phase must be distributed on 
the sediment surface in order to achieve 
equilibrium, hence the longer adsorption 
equilibrium time. Under the same conditions, the 
probability that there will be an interaction between 
the sediment surface and ammonia increases, which 
is a driving force behind the increased sediment 
adsorption of ammonia. This explains the increased 
equilibrium adsorption capacity of ammonia per 

unit mass sediment (listed in TABLE 4), the 
corresponding increased qe-q value, and the higher 
adsorption rate. Conversely, lower ammonia 
content with the same sediment concentration 
means a lower distribution of ammonia on the 
sediment surface, shorter adsorption equilibration 
time, decreased adsorption capacity, a lower qe-q 
value, and decreased adsorption rate. 

TABLE 4 shows that: Equilibrium adsorption 
capacity qe of the two dynamic equations increases 
with higher initial ammonia concentrations; 
however, sediment concentration is a bigger factor 
in adsorption capacity than initial ammonia 
concentration. Furthermore, the correlation 
coefficient of the pseudo-second order kinetic 
equation was significantly better than pseudo-first 
order kinetic equation, illustrating that the different 
initial concentrations of ammonia adsorption 
kinetics are also consistent with pseudo-second 
order kinetic equation. 

FIGURE 5 illustrates the changes of 
equilibrium adsorption capacity of ammonia on 
different sizes of sediment particles with varying 
initial ammonia concentration values. 
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FIGURE 5 
Effect of the initial concentration of ammonia nitrogen on the equilibrium adsorption capacity of 

ammonia nitrogen 
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FIGURE.5. shows that Ammonia adsorption 
to sediment increases with the increase of initial 
ammonia concentration. Different particle sizes of 
sediment have the same trend. The increase of 
equilibrium adsorption capacity of the low 
concentration region is more pronounced than that 
of the high concentration region. With the increases 
of initial concentration of ammonia, the ammonia 
adsorption amount reaches the system reaches 
maximum adsorption capacity. This occurs because 
sediment acts as a collector of ammonia nitrogen in 
the aqueous phase above the sediment surface, and 
when the ammonia concentration of the aqueous 
phase is too high, the sediment adsorption 
equilibrates after reaching its maximum 
capacity[13]. The higher the initial ammonia 
concentration, the higher the changing intervals of 
the equilibrium adsorption amount. As seen in 
Figure 2.2, changes in equilibrium adsorption 
amounts are more drastic as the initial ammonia 
concentration increases, with both curves 
demonstrating similar trends and relatively close 
values. These curves show that the initial 
concentration of ammonia has some impact on 
sediment adsorption, but sediment concentration 
has a bigger impact. 

Effect of particle size on the adsorption of 
ammonia. Fig. 5 shows that ammonia adsorption 
capacity gradually decreases with increasing 
sediment particle size, where the adsorption 
capacity of the smallest particle size is twice that of 
the largest size. This indicates that sediment particle 
size also has large effects on ammonia adsorption 
capacity. Meanwhile, Table 3 shows that particle 
size has an inverse relationship with Sm and Kl 
values of L isotherm. Kl, the ratio of the adsorption 
rate and the desorption rate, is related to the binding 
energy on the surface, and the value reflects the 
degree of spontaneity of the adsorption reaction. 
The larger the Kl value the higher the degree of the 
spontaneity of the reaction, and the stronger of the 
adsorption capacity. Sm reacts the adsorption 
capacity of sediment to the pollutants. Therefore, it 
can be considered that, the finer of the sediment 
particles, the stronger of the adsorption capacity, 
and the higher the degree of spontaneous of the 
reaction. In the F isotherm equation, Kf also 
decreases with larger sediment particle sizes. Kf is 
an affinity coefficient that describes the adsorption 
of sorbents to adsorbents, and it changes with the 
parameter Sm in L isotherm. The larger the Kf 
value, the greater the adsorption capacity. The 
results showed that with the decreasing particle 
size, Kf value increases, indicating that the finer of 
the sediment particles, the greater of the adsorption 
capacity. 

Finally, the chemical composition of the 
sediment is shown in Table 1The smaller sediment 
particles tend to have  higher Fe2O3, Al2O3 and 

MgO content. However, the mineral types of the 
Yellow River sediment generally include 
montmorillonite, illite, kaolinite and quartz, whose 
main components are the metal oxides listed above. 
This indicates that the important metal oxides in 
sediment correlate to sediment adsorption capacity 
of ammonia; that is, these substances can directly 
affect the level of sediment adsorption of ammonia. 
Xiaoyun Wang[14, 15] also showed that there is a 
significant positive correlation between iron and 
aluminum content in the sediment and the 
maximum adsorption capacity. It shows that iron 
and aluminum have a relatively large influence on 
the adsorption capacity, and it can directly affect 
the amount of sediment adsorption of ammonia. 

CONCLUSION 

Sediment concentration has a significant 
impact on sediment adsorption of ammonia, and 
there is an inverse relationship between sediment 
concentration and adsorption capacity of ammonia. 
Ammonia adsorption capacity per unit mass of 
sediment and saturation time of ammonia 
adsorption decrease with the increase of sediment 
concentration, and ammonia adsorption kinetics of 
different sediment concentrations are more 
consistent with pseudo-second order kinetic 
equation. The Langmuir isotherm is better describes 
the relationship between the initial ammonia 
concentration in the aqueous phase and the 
equilibrium adsorption capacity of ammonia, for 
which there is a positive correlation. The 
equilibrium adsorption capacity value increases 
more at lower initial concentrations of ammonia 
than at higher concentrations. Ammonia nitrogen 
adsorption also reaches a maximum after reaching a 
certain level. Ammonia adsorption capacity per unit 
mass of sediment and equilibrium time of ammonia 
adsorption increase as the initial concentration 
rises. Adsorption kinetics of different initial 
concentrations of ammonia nitrogen follows the 
pseudo-second order kinetic equation. Generally, 
the finer the sediment particles are, the stronger the 
adsorption capacity, the higher the degree of 
spontaneity of the reaction, and the greater the 
adsorption capacity. Smaller sediment particle sizes 
also have higher metal oxide content in their 
chemical compositions, indicating a possible link 
between chemical composition and ammonia 
adsorption capacity. Sediment in Lanzhou section 
of the Yellow River allows for adsorption of 
aqueous phase ammonia. The finer the sediment 
particles are, the stronger the adsorption capacity of 
ammonia is; this and other data indicate that the 
sediment in the Yellow River has a certain role in 
promoting self-purification of the water. 
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ABSTRACT 

 
This study was conducted in order to evaluate 

the symbiotic effectiveness of Rhizobium 
Leguminosarum bv. phaseoli strains isolated from 
common bean in comparison to standard bacterial 
culture under NaCl salinity stress conditions. The 
effect of seed Rhizobium inoculation and NaCI 
levels (control 0, 5 mM, 10 mM, 20 mM and 40 
mM) on mineral accumulation of common bean 
(Phaseolus vulgaris L.) was studied under 
greenhouse condition. A commercial common bean 
cultivar (Akman 98) was inoculated with R. tropici 
strain CIAT899 and local Rhizobium. The results 
showed that the application of salt significantly 
decreased both concentration and the accumulation 
of most micro and macronutrients both in leaf and 
biomass. The bacterial inoculation had a significant 
effect on Ca++, Fe accumulation and ion uptake (K+ 
+ P + Ca++) + Na+ and on P, Mg++, Mn and Zn 
contents of leaf. However, the effect of inoculation 
on Na+, K+, Na+/K+, N and Cu contents of the leaf 
were insignificant. Significant interaction was 
detected between inoculation and salt 
concentration. Inoculation with Rhizobium phaseoli 
could work as a useful means for alleviating salinity 
stress in salt-sensitive plants. 
 
KEYWORDS:   
Common bean, macro and micronutrients, nodule, 
salinity, rhizobium associate 

 
 
INTRODUCTION 

 
Dry bean (Phaseolus vulgaris L.), also called 

common bean or kidney bean, is one of the major 
leguminous crops grown in the world. The legume 
seeds are widely consumed around the world and 
their acceptability depends on the climatic 
conditions in the planting area [1]. Salinity in arid 
and semi-arid regions of the world is a serious 
constraint to agriculture. Nearly 40 % of the world's 
land surface can be classified as endangered by 

salinity. Most such areas are in the tropics and in 
the Mediterranean region [2]. Production of grain 
legumes is severely reduced in salt-affected soils 
because their ability to form nitrogen-fixing 
nodules is impaired by both salinity and alkalinity 
[3]. 

Legumes can improve saline soil fertility and 
help reintroduce agriculture in nitrogen poor soils. 
Many legumes are very sensitive to salt levels by 
the increase in osmotic potential and by the toxic 
effect of high concentration of ions [4]. 

Identification of nutritional disorders in crops 
growing on saline soils may facilitate the 
development of breeding or agronomic practices 
that improve yields in saline areas. Salinity causes 
nutrient disturbances and reduces plant growth by 
affecting the availability, transport and partitioning 
of nutrients. Salinity causes nutrient deficiencies or 
imbalances, due to the competition of Na+ and Cl- 
with nutrients such as K+, Ca+2, and NO3

-. In saline 
soils N is one of the most growth-limiting nutrients. 
Potassium uptake by plant can be affected by high 
salinity and the Na concentration in the soil solution 
[5]. 

Saline soils are characterized by the presence 
of extreme ratios of Na+/Ca++, Na+/K+, Ca++, Mg++, 
and Cl-/NO3

- [6] and high levels of neutral salts in 
the surface layers resulting from the capillary rise 
of water [7] excess of soluble salts in the soil leads 
to osmotic stress, which result in specific ion 
toxicity [8]. High salt (NaCl) uptake competes with 
the uptake of other nutrient ions, especially K+, 
leading to K + deficiency [9]. 

In acid or alkaline soils, P always tightly binds 
with aluminum, iron, calcium and magnesium to 
form insoluble compounds or sparingly soluble 
phosphates, and unavailable for plant uptake [10]. 
In soil phosphorus reacts with iron, aluminum and 
calcium to form insoluble compounds [11]. Shoot 
and root growth of virtually all legume crops is 
increased with balanced phosphorus and potassium 
nutrition [12]. 

In this study, native Rhizobium was used as an 
inoculation material because it can better adapt to 
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the soil environment. In addition, the experiment 
was carried out under controlled conditions to 
determine the effect of Rhizobium strain. The effect 
of salt stress on the macro and micro-nutrient 
uptake of common bean cultivar inoculated by 
native Rhizobium was also investigated.  

MATERIAL AND METHODS 

Test plant: Common bean (P. vulgaris L. cv. 
Akman 98) was used in the inoculation 
experiments. Common bean seed was obtained 
from Anatolia Agricultural Research Institute, 
Eskişehir, Turkey.  

Bacterial cultures: Rhizobial strain used in this 
study was R. tropici CIAT899, a widely used bean-
nodulating strain [13]. Also, natural Rhizobium was 
isolated from the nodules of P. vulgaris plants 
which were grown in different locations of the 
Konya plain in Turkey. For this purpose 94 samples 
of plant root nodules were used. Rhizobial strains 
were isolated from the surface of sterilized nodules 
using the method described by Somasegaran et al. 
[14]. The strains were maintained at +4 oC on yeast 
extract mannitol agar (YMA). P. vulgaris was 
grown from seeds in Leonard jars (1 L) under 
greenhouse conditions for 8 weeks. Each jar 
contained three plants grown under supplemental 
lighting (14 h/10 h light/dark cycles), and the 
temperature was maintained at 24oC/20oC. Pure 
cultures were examined for nodulation [15]. The 
most effective single isolate was selected from the 
total 94 isolates and was used in the succeeding 
experiment.  

Peat analyses: The pH and electrical 
conductivity (EC) were measured in an aqueous 
extract (1/2.5 w/v) of peat [16]. Available P was 
extracted with sodium bicarbonate [17]. Available 
K (extracted with ammonium acetate) was 
measured by flame photometry [18]. While total N 
was determined via the Kjeldahl method [19], lime 
content by Scheibler Calcimeter [20] and organic 
matter was extracted as described by Jackson [21]. 
In addition, Ca, Mg, Fe, Cu, Mn and Zn contents of 
the peat were determined using the samples treated 
with H2SO4 and H2O2 by ICP-AES [22]. The peat 
used in the experiments contained 83 % organic 
matter, 1.34 % total N, 0.11 % available P, 0.09 % 
available K. Its pH value was 6.10 while EC was 
0.25 dS m-1,  Ca, Mg, Fe, Mn, Zn, and Cu content 
of experimental peat were found to be 4300, 5500, 
2090, 10, 14 and 6 mg kg-1, respectively. 

Plant experiments: This study was conducted 
in 2012 growing season at the greenhouse of the 
Agricultural Faculty Selcuk University in Konya 
(Turkey). The experiment was carried out in a 
completely randomized block design involving 2 
bacterial inoculations and 5 concentrations of NaCl 
(0, 5, 10, 20 and 40 mM) replicated three times. 

Seeds were surface-sterilized with sodium 
hypochlorite (0.5%), transferred aseptically to pots 
and inoculated with 1 mL (105–106 CFU mL-1) of 
bacterial culture of R.  tropici CIAT899 and local 
Rhizobium sp. Uninoculated plants were also 
included in each plant test. The plastic pots were 
filled up with 3 kg sterile peat. Peat was watered 
with N-free nutrient solution. Bacterial inoculation 
was done after salt application. All the plants were 
watered with distilled water every other day. The 
following mineral fertilizers were applied during 
planting: N, P, K at 12.5, 188.0, 157.0 mg per pot,
respectively and Fe, Mn, Cu and Zn as sulphates at 
170, 314, 14, 27 mg per pot respectively. 

Plant measures (wet digestion and elemental 
analyses): Leaf samples were taken during 
flowering period and biomass (stem + leaf + 
flower) samples were taken after harvesting. The 
leaf and biomass were dried at 70 oC. Samples (0.3 
g) were digested overnight at room temperature in
50 mL volumetric flasks with 2.5 mL of 
concentrated H2SO4 and subsequently heated on a 
hot plate at 180°C for 30 min. Analytical grade 
(30%) H2O2 was added drop-wise. Flasks were 
heated on a hot plate at 280°C for 10 min and 
cooled back to room temperature. This procedure 
was repeated until the flask content became 
colorless. The filtrate was analyzed for Na, K, Ca, 
Mg, Fe, Mn, Zn, and Cu on ICP–AES (Varian Vista 
Model) [22]. N content of plant leaf and biomass 
were determined using Kjeldahl method by 
Bremner [19]. 

Statistical Analysis: Data were analyzed as a 
factorial experiment in a completely randomized 
manner with three replication using the JMP 
statistical software, version 5.1 (SAS Institute INc., 
Cary, NC, USA). Sources of variation were 
treatments, incubation day and their interaction. 
Means were compared by Student’s t-test at a 
significance level of 0.01 or 0.05. 

RESULTS 

In leaf, inoculation had a significant effect on 
the total ion uptake (K+ + P + Ca++) + Na+, Mg, Fe, 
Mn and Zn (Table 1). The effect of salt 
concentration was also significant (P<0.01 and 
P<0.05) for all nutrients with the exception of Na+ 
in the leaf. There were no significant (P<0.05) 
interactions between isolate and salt concentration 
in terms of Na+/K+, N, P and Mg. On the other 
hand, inoculation significantly (P<0.05) affected 
the concentrations of all the nutrients with the 
exception of (K+ + P + Ca++) + Na+, N, P and Ca++ 
in the biomass. The effect of salt application was 
significant (P<0.05) for all micro and macro–
nutrient contents. A similar result was observed for 
the effect of interaction between inoculation and 
salt concentration except for Zn. 
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TABLE 1 
Computed F from the analysis of variance for the nutrient content in the leaf and biomass as a function 

of salt concentration and Rhizobium isolate (mean values) 

Shoot Biomass 
Source of variation 

I S IxS I S IxS 
DF 1 4 4 1 4 4 
Na+ 2.31ns 2.82ns 2.86* 5.97* 48.05** 3.91* 
K+ 0.65ns 275.84** 9.90** 10.38** 457.06** 7.69** 

Na+/K+ 0.06ns 18.45** 2.02ns 7.69* 22.58** 7.12** 
(K+ + P + Ca++) + Na+ 13.63** 147.03** 7.80** 0.89ns 188.02** 8.33** 

N 0.72ns 3.68* 0.55ns 0.16ns 3.97* 3.93* 
P 7.75* 22.58** 1.63ns 3.90ns 13.06** 5.55** 

Ca 123.40** 18.71** 31.42** 2.83ns 20.32** 5.86** 
Mg 4.34* 147.32** 2.70ns 8.49** 80.82** 17.57** 
Fe 17.24** 63.05** 49.37** 5.49* 12.23** 4.11* 
Cu 0.33ns 71.06** 24.45** 126.72** 23.0** 24.64** 
Mn 4.61* 77.96** 15.24** 55.60** 1156.6** 372.69** 
Zn 4.60* 40.50** 8.88** 6.15* 17.11** 1.60ns 

I: Isolate    S: Salt concentration 
 **; P <0.01;   *; P<0.05;   ns :  not significant 

Means within a nutrient followed by the same 
letter are not significantly different at the 5 % level 
of probability using LSD test 

Changes in certain nutrients of the leaf and 
biomass are presented in Table 2.  Na+ and K+ 
contents of common bean leaf increased as the level 
of salt increased regardless of the type of 
inoculation (Table 2). The highest Na+ (0.28 %) 
content was observed in 40 m M salt application 
with CIAT899 inoculation. When the mean of the 
two inoculations was considered, a significant 
increase occurred with increasing salt levels in 
terms of K+ content. The percentage of K+ in leaves 
increased with salt levels, and the highest contents 
of K+ were found in 20 mM salt application with 

both inoculations. The K+ content of biomass was 
greater in increased salinity levels than in control 
applications. Salt stress increased the K+ content of 
common bean leaves but resulted in significant 
differences between inoculations. Inoculation with 
Rhizobium CIAT899 significantly increased the K+ 
uptake of common bean. A similar pattern was 
observed following inoculation with natural 
Rhizobium. Na+ / K+ and ion uptake (K+ + P + Ca++) 
+ Na+ % decreased with both inoculations and 
increasing salt levels. However, the lowest Na+/K+ 
rate was determined from 20 mM salt application 
with CIAT899 and local Rhizobium inoculations 
(0.03 and 0.02 %) respectively. 
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TABLE 2 
Effects of different salt concentrations and Rhizobium inoculations on contents Na+, K+, total ion uptake 

(K+ + P + Ca++) + Na+ of leaf and biomass concentration 

Leaf concentration (%) 
Salt concentration (mmol l-1) 

0 5 10 20 40 
Na  CIAT899 0.17b 0.18b 0.14b 0.20b 0.28a 

N isolate 0.17b 0.18b 0.18b 0.15b 0.18b 
Mean 0.17 0.18 0.16 0.18 0.23 

K CIAT899 1.83e 2.62d 2.15de 6.55a 4.46c 
N isolate 1.83e 2.16de 2.08de 6.10ab 5.88b 
Mean 1.83d 2.39c 2.12cd 6.33a 5.17b 

Na/K CIAT899 0.09 0.07 0.07 0.03 0.06 
N isolate 0.09 0.08 0.08 0.02 0.03 
Mean 0.09a 0.08a 0.08a 0.03c 0.05b 

(K+P+Ca)+Na CIAT899 4.64de 5.46c 5.03cd 9.48a 7.69b 
N isolate 4.64de 5.14cd 4.23e 7.63b 8.09b 
Mean 4.64d 5.3c 4.64d 8.55a 7.89b 

Biomass concentration (%) 
Salt concentration (mmol l-1) 

0 5 10 20 40 
Na CIAT899 0.10d 0.08d 0.13cd 0.20c 0.47a 

N isolate 0.10d 0.09d 0.16cd 0.10d 0.33b 
Mean 0.10cd 0.09d 0.15bc 0.15bc 0.4a 

K CIAT899 2.27f 2.65f 3.60d 5.84c 6.37b 
N isolate 2.27f 3.04e 3.56d 5.70c 7.48a 
Mean 2.27e 2.85d 3.58c 5.77b 6.93a 

Na/K CIAT899 0.04bc 0.03cd 0.04bc 0.03cd 0.07a 
N isolate 0.04bc 0.03cd 0.04b 0.02d 0.04b 
Mean 0.04b 0.03c 0.04b 0.03c 0.06a 

(K+P+Ca)+Na CIAT899 5.35f 5.26f 6.76e 8.62c 9.49b 
N isolate 5.43f 5.40f 6.36e 7.92d 11.10a 
Mean 5.35d 5.33d 6.56c 8.27b 10.3a 

N isolate : Natural isolate 
Means within a nutrient followed by the same letter are not significantly different at the 5 % level of probability 
using LSD test 
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TABLE 3 
Effects of different salt concentration and Rhizobium inoculations on contents N, P, Ca, Mg of leaf and 

biomass concentration 

Leaf concentration (%) 
Salt concentration (mmol l-1) 

0 5 10 20 40 
N CIAT899 3.71 2.97 2.67 3.41 2.49 

N isolate 3.71 3.16 2.41 2.58 2.40 
Mean 3.71a 3.07ab 2.54b 2.99ab 2.45b 

P CIAT899 0.39 0.31 0.24 0.31 0.38 
N isolate 0.39 0.29 0.22 0.28 0.30 
Mean 0.39a 0.30c 0.23d 0.30c 0.34b 

Ca CIAT899 2.42c 2.53bc 2.64abc 2.62abc 2.85a 
N isolate 2.42c 2.69ab 1.93d 1.25e 1.91d 
Mean 2.42b 2.61a 2.29b 1.94c 2.38b 

Mg CIAT899 0.29 0.22 0.33 0.51 0.45 
N isolate 0.29 0.22 0.26 0.48 0.46 
Mean 0.29c 0.22d 0.30c 0.50a 0.46b 

Biomass concentration (%) 
Salt concentration (mmol l-1) 

0 5 10 20 40 
N CIAT899 3.06ab 2.71ab 2.44abc 3.18a 1.74c 

N isolate 3.06ab 2.52ab 2.77ab 2.40bc 2.65ab 
Mean 3.06a 2.62ab 2.61ab 2.79a 2.20b 

P CIAT899 0.38a 0.31b 0.30b 0.36a 0.37a 
N isolate 0.38a 0.30b 0.31b 0.25c 0.39a 
Mean 0.38a 0.31b 0.31b 0.31b 0.38a 

Ca CIAT899 2.70bc 2.30de 2.86b 2.42cd 2.75bc 
N isolate 2.70bc 2.06e 2.49cd 1.97e 3.23a 
Mean 2.70b 2.18c 2.68b 2.20c 2.99a 

Mg CIAT899 0.34d 0.30e 0.33d 0.36c 0.37c 
N isolate 0.34d 0.29e 0.29e 0.41b 0.45a 
Mean 0.4c 0.30d 0.31d 0.39b 0.41a 

Means within a nutrient followed by the same letter are not significantly different at the 5 % level of probability 
using LSD test 
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TABLE 4 
Effects of different salt concentration and Rhizobium inoculations on micro elements contents (Fe, Cu, 

Mn, Zn) of leaf and biomass concentration 

Leaf concentration (mg kg -1 ) 
Salt concentration (mmol l-1) 

0 5 10 20 40 
Fe CIAT899 124.75a 79.52c 79.10c 44.87c 104.47b 

N isolate 124.75a 80.56c 106.04b 101.99b 66.17d 
Mean 124.75a 80.04cd 92.57b 73.43d 85.32bc 

Cu CIAT899 3.83bc 2.51ef 2.22ef 6.54a 1.91f 
N isolate 3.83bc 2.67de 3.36c 4.28b 3.24cd 
Mean 3.83b 2.59c 2.79c 5.41a 2.58c 

Mn CIAT899 140.47bc 122.95c 136.23c 161.15a 52.79e 
N isolate 140.47c 159.12ab 127.00c 99.90d 44.27c 
Mean 140.47a 141.04a 131.61a 130.53a 48.53b 

Zn CIAT899 33.80cd 29.44de 30.07de 57.09a 33.83cd 
N isolate 33.80cd 31.27de 26.68e 41.72b 38.30bc 
Mean 33.80bc 30.36cd 28.38d 49.41a 36.07b 

Biomass concentration (mg kg -1 ) 
Salt concentration (mmol l-1) 

0 5 10 20 40 
Fe CIAT899 60.89a 51.64ab 45.66b 42.02bc 42.33bc 

N isolate 60.89a 32.89c 33.60c 46.98b 42.63bc 
Mean 60.89a 42.27b 39.63b 44.50b 42.48b 

Cu CIAT899 4.62a 3.30b 2.82c 2.69c 3.57b 
N isolate 4.62a 3.44b 4.72a 4.72a 4.35a 
Mean 4.62a 3.37c 3.77b 3.71b 3.96b 

Mn CIAT899 60.20b 67.89a 47.88c 16.16g 11.88h 
N isolate 60.20b 29.44f 44.79d 35.80e 15.36g 
Mean 60.20a 48.67b 46.34c 25.98d 13.62e 

Zn CIAT899 38.53 30.63 34.11 34.17 45.94 
N isolate 38.53 33.81 42.34 33.43 53.76 
Mean 38.53b 32.22c 38.23b 33.80bc 49.85a 

Means within a nutrient followed by the same letter are not significantly different at the 5 % level of probability 
using LSD test 

On the other hand, N, P and Ca contents of 
common bean leaf significantly (P<0.05) decreased 
as the salt level increased (P<0.05) (Table 3). In 
contrast, the Mg contents of leaf increased with 
increasing salt levels.  

The Fe content of common bean leaf was 
lower in control and 20 mM salt level compared 
with those in other salt concentrations (Table 4). 
The concentration of Cu changed in leaf in response 
to low salt treatment, and it significantly decreased 
in leaf (P<0.05) with an increase in soil salinity. 
The changes of Mn content in leaf were gradual 
under low salt treatment. There was not a 
significant reduction in the concentration of Zn in 
leaf in response to salt-stress. Similarly, Fe, Zn, Cu 
and Mn contents in leaf increased with inoculations, 
and these values were still much lower than those 
of control treatment (Table 4).  

The results of biomass: There were significant 
increases in the Na+ and K+ uptake of common bean 
biomass compared with those of the control (Table 
2). The highest increases were shown at 40 mM salt 
applications (0.4% and 6.93%) respectively. 
However, both CIAT899 and local Rhizobium had 

more effect at 20 mM salt level than at other salt 
levels ion uptake of common bean increased 
linearly with salt doses. These increases were 
significant (P<0.05). Salinity reduced the nitrogen 
contents of common bean in terms of biomass 
(Table 3). This reduction was found to be 
significant for R. tropici and local Rhizobium 
inoculations and salinity (P<0.05). Reduction of the 
negative effects of salt on total nitrogen contents 
was lower in natural inoculations than in CIAT899 
inoculations. In terms of the means of inoculations, 
the highest nitrogen content was taken from the 
control application. Salinity reduced phosphate 
uptake and accumulation in crops grown in soils 
primarily by reducing phosphate availability but in 
solution cultures, ion imbalances might primarily 
result from competitive interactions. We 
determined that increasing salt levels and 
inoculations didn’t have a significant effect on P 
concentration of biomass. Also, the highest P 
content was found in control (Table 3). Salinity 
generally increased the Ca uptake in common bean 
biomass under stressful conditions and inoculation 
treatment with CIAT899, yet decreased Ca content. 
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The average Mg content of biomass changed from 
0.30% to 0.41%. The highest Mg content was 
determined in 40 mM salt application.  

On the other hand, Fe, Cu, and Mn contents of 
biomass reduced with increasing salt concentration 
although the reverse is true for zinc.  

DISCUSSION 

Any environmental stress that affects plant 
growth is also likely to influence infection and 
nodulation [23]. Salinity reduces phosphate uptake 
and accumulation in crops grown in soils primarily 
by reducing phosphate availability but in solution 
cultures ion imbalances may primarily result from 
competitive interactions. In the present study, bean 
growth was not inhibited up to 40 mM salinity 
level, but after 40 mM plants gradually died 
because of the detrimental effect of salinity (data 
not shown), confirming that common bean 
(Phaseolus vulgaris) is more sensitive to saline 
conditions than other legumes. Macro and micro 
element content of leaf, shoots and biomass 
decreased under saline conditions. P uptake by 
plants can be affected by high salinity and the Na 
concentration in the soil solution. There is abundant 
evidence that Na and the Na/Ca ratio affects K 
uptake and accumulation within plant cells and 
organs and that salt tolerance is correlated with 
selectivity for K uptake over Na [5]. Giri et al. [24] 
indicated that accumulation of Na+ was strongly 
influenced by storage of other cations, particularly 
K+. Increased K+ concentration under saline 
conditions may help to reduce Na+ uptake, and this 
can indirectly sustain the chlorophyll content of the 
plant [25]. This study demonstrated that these 
results are consistent with previous studies. Uyanöz 
and Karaca [23] reported that application of salt 
with inoculation significantly reduced N, Na, Mg, 
K uptake of common bean leaf. The K+ uptake in 
the common bean may illustrate the role of K in salt 
tolerance. The effect of inoculation on decreasing 
salt stress may partly be attributed to reduced Na+ 
uptake by root and translocation-to-shoot tissues 
and low Na+/K+ ratio. Our results confirm previous 
findings that inoculated plants were not affected by 
salt stress conditions [26, 27].  Giri and Mukarji 
[25] reported that, in saline soil, higher absorption 
of P in inoculated plants may improve their growth 
rate and salt tolerance and suppress the adverse 
effect of salinity stress. Nyoki and Ndakidemi [27] 
disclosed that B. japonicum inoculants 
supplemented with phosphorus in cowpea improved 
the uptake of N, P, K, Mg, Ca and Na significantly 
relative to control. Makoi et al., [1] revealed that 
rhizobia inoculation significantly increased the 
uptake of P, K, Ca, and Mg in plant parts such as 
leaves, shoots, roots and pods of common beans 
(Phaseolus vulgaris L.). Factors, such as salinity, 

temperature, water supply, pH, mineral nutrition 
and combined nitrogen are of great importance to 
the symbiosis process [4]. 

In our experiments, the highest P 
accumulation of leaf and biomass was found in 
control treatments both in the CIAT899 and local 
Rhizobium. This shows that the bacterial 
inoculation can be important in reducing salt stress 
and overcoming the scarce P availability under 
saline conditions.  

CONCLUSIONS 

Overall, the macro and micro nutrition 
contents of leaf and biomass results indicated that 
salinity can cause severe damage to P. vulgaris. 
Rhizosphere environment is highly important for 
the interaction between root hairs and Rhizobium, 
as it encourages the healthy development of root 
hairs. Salts may inhibit plant growth and nutrient 
intake from plant because of the abnormally high 
intracellular solute concentration. Besides, as 
certain ions have direct effects on plant growth due 
to their inhibiting activity of essential enzymes, 
further researches should be conducted to evaluate 
such side effects of ions and salt, especially under 
field conditions.  
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ABSTRACT 

 
The objective of this study was to examine the 

contribution of Synthetic Aperture Radar (SAR) 
images in determining and monitoring some of the 
main soil properties. In this research, seven SAR 
images (2 of RADARSAT-1 and 5 of ENVISAT 
ASAR) were gathered between April and October 
2006. An ASTER image of May 2006 that 
belonged to the same area was also used as an 
ancillary data. Menemen (Izmir) Plain which covers 
about 400 km2 of the western part of the Gediz 
Basin in the west of Turkey was chosen as the area 
of study. The research was set out to investigate the 
relationships among some of the soil properties, 
such as, texture, organic matter, soil salinity, pH 
and lime content, which are believed to affect 
backscattering directly. The sigmanought and 
betanought values of RADARSAT-1 and 
ENVISAT-ASAR images were calculated in order 
determine the correlation between the soil 
properties and radar backscatter. The correlations 
between soil moisture content, soil texture and 
backscattering of all SAR images were found 
significant (r=0.85-0.91). However, no statistically 
significant relationships were found between 
backscatter values and organic matter, pH, salt and 
lime contents of the soils at the test points. 

 
KEYWORDS:  
Synthetic Aperture Radar, soil properties, texture, 
moisture, backscatter. 
 
 

INTRODUCTION 
 

Monitoring soil properties is very important 
for an effective soil management [1,2]. Besides, the 
use of microwave backscattering, spectral 
reflectance signatures taken in the optical spectrum 
are quite useful for some agricultural practices. For 
instance, a variety of information from optical and 
thermal sensors can be used in estimating soil 
moisture conditions [3]. However, the acquisition 
of optical sensor data is often hampered by 
unfavorable weather conditions which might 
significantly limit their capacity to provide helpful 
information. 

Studies using remote sensing (RS) technique 
in the last ten years have put forth a strong 
correlation between soil moisture and Synthetic 
Aperture Radar (SAR) backscatter. Most of those 
studies were based on comparison of soils with the 
same properties involving images from one 
satellite, using different polarizations and angles. In 
some other studies, on the other hand, images from 
two different satellites were compared to see 
whether the soil moisture could be measured 
[4,5,6,7,8]. In this study, SAR data gathered 
through different polarizations, incidence angle and 
spatial resolution for the same area were used to 
estimate not only soil moisture, but also other 
important soil properties. Generally, smaller 
incident angles (<300) have been found to be 
valuable in soil moisture estimations, due to the 
decreased effects of roughness and vegetation 
attenuation. In general, the microwave backscatter 
value depends on sensor configurations, such as 
incident angle and polarization [9,10,11]. Soil 
moisture is also affected by soil and plant dielectric 
properties, and the topographic position of the 
earth’s surface. It is suggested that important 
information on soil conditions could be provided by 
the combination of microwave signatures at 
different frequencies and/or polarizations 
[12,13,14,15].  

Most of the relevant studies were oriented to 
detecting moisture levels by microwave RS 
technique. Limited number of studies used SAR 
images for soil texture and organic matter contents, 
despite the fact that these soil properties are as 
important as, and have a direct relation with soil 
moisture. Soil texture provides fundamental data 
for a range of academic fields, such as hydrology, 
ecology, meteorology, irrigation performance, crop 
pattern management and soil classification. Quite a 
number of studies alsoindicate that the dielectric 
coefficients of soils have a direct relation with soil 
texture and structure [16]. Therefore, investigations 
solely on the moisture levels will not be adequate 
for identifying the properties of soils because soil is 
a living entity with a complex structure resulting 
from many different types of reactions.  

The objective of this study was to investigate 
the possibility of extracting information about some 
of the main properties of soils from two different 
satellite images. The investigated soils were with no 
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vegetation and the properties to be examined were 
soil moisture, texture, salinity, organic matter, pH, 
and CaCO3. 

MATERIAL AND METHODS 

Study Area. Menemen Plain which covers the 
western part of Gediz River Basin in the west of 
Turkey formed the study area of this investigation. 
The specified River Basin is situated in the most 
fertile soils of Ege region which has the second 
largest ground area among the four largest valleys 
in western Anatolia. Menemen Plain has the 

formation of both alluvial plains and delta 
geomorphology, and is situated at the point where 
401 km long Gediz River reaches the sea. Inland of 
the plain has more fertile soils due to drainage and 
salinity problems particularly in the areas closer to 
the sea and due to saline and alkaline ground 
waters, which tend to rise seasonally, Menemen 
Plain has a very high risk of being affected by 
climate change. The plain covers an area of about 
400 square kilometers and is located between 380 
39' 30"/ 380 29' 30" North and 260 48' 09" / 270 04' 
46" East (Fig. 1). 

FIGURE 1 
Study area. 

Data set. In this study, 7 SAR images 
including two RADARSAT-1 and five ENVISAT-
ASAR, were used. Both groups of images consisted 
of C band images with 5 cm wavelength intervals, 
but with different spatial resolutions and 
polarizations. The technical features of 
RADARSAT–1 and ENVISAT-ASAR images are 
given in Table 1. In order to monitor the natural 
moisture level of the soils, four of the SAR images 

were taken in spring, and three ENVISAT-ASAR 
images were taken later, in summer. Images were 
also used to detect the changes in moisture levels of 
the soil resulting from summer irrigation (Table 1, 
2). 
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TABLE 1 
Main characteristics of the RADARSAT-1 data set 

TABLE 2 
Main characteristics of the ENVISAT-ASAR data set.

Acquired 
Date 

Sensor 
Mode Orbit Swat Format Pixel spacing Polarization 

23/05/'06 ASAR/IM Ascending I2 PRI
ASA_IMP_1P 12.5 x 12.5 m V/V 

08/06/'06 ASAR/IM Ascending I1 PRI
ASA_IMP_1P 12.5 x 12.5 m V/V 

11/06/'06 ASAR/IM Ascending I3 PRI
ASA_IMP_1P 12.5 x 12.5 m V/V 

01/08/'06 ASAR/IM Ascending I2 PRI
ASA_IMP_1P 12.5 x 12.5 m V/V 

17/08/'06 ASAR/IM Ascending I1 PRI
ASA_IMP_1P 12.5 x  12.5 m V/V 

METHODS 

Soil samples were taken from the pre-arranged 
test points in coordination with the acquisition of 
satellite images and the samples were tested for 
their moisture, texture, lime content, organic matter, 
soil reaction (pH) and salt contents. All soil 
samples were collected during the each SAR data 
acquired date. The final phases consisted of image 
processing, analysis of land surveys, physical and 
chemical analysis of soil samples and statistical 
assessments of findings. GIS software, GeoMedia 
Prof. 5.0. was used to carry out  the digitalization of 
roads, settlements, canals, streams and other 
elements on a base map, which can be utilized  for 
land surveys and geo-rectification of satellite 
images, and also on 1/5.000 scale cadastral maps. 

In order to build correlations with backscatter 
values of SAR images and soil properties, 

geometric and radiometric corrections/calibrations 
were made prior to the processing and analyzing all 
SAR images. The radiometric calibration was 
involved in the procedure to convert the digital 

The 

each RADARSAT-1 and ENVISAT-ASAR image 
using PCI Geomatics-v10 software. This procedure 
relies on SAR sensors and a particular data type 
[17,18]. All PRI (ENVISAT-ASAR) and SGF 
(RADARSAT-1) images were co-registered and 
rectified with reference to an ASTER panchromatic 
and false color composite image (15 May 2006), 
previously rectified from 1/5.000 scale cadastral 
maps (Fig. 2). 

Acquired 
Date 

Sensor 
Mode Orbit Format Pixel spacing Polarization 

04/05/'06 F1 Ascending SGF 6.25 m x 6.25 m H/H 

28/05/'06 F1 Ascending SGF 6.25 m x 6.25 m H/H 
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FIGURE 2 
A geo-rectified SAR image (RADARSAT-1) by image to map method. 

In order to be able to examine the 
relationships between SAR image backscatter 
values and soil characteristics, ground surveys were 
carried which synchronized with each of seven 
occasions of image capture. In this regard, totally 
630 disturbed soil samples were taken (Fig 3). Most 
of the remotely sensed spectral observations still 
required site-specific calibrations using ground-
sampling techniques [19].  

Soil Analysis. At the field, soils were sampled 
(1.5-2 kg) from the surface (0-10 cm) to detect their 
moisture contents, and from deeper levels (0-30 
cm) to determine their physical and chemical 
characteristics at each test point.  

Excluding the samples for moisture 
determination, all of the soil samples were air-

dried, ground, and sieved prior to analysis for their 
basic physical and chemical properties. Moisture, 
texture, soil organic matter, lime content (CaCO3), 
salinity and soil reactions (pH) [20,21,22,23,24,25] 
were assessed. 

Gravimetric method was used to measure the 
surface soil moisture content. The method is based 
on removing soil moisture by oven-drying until the 
weight remains constant. Soil moisture content (%) 
is calculated from the sample weight before and 
after drying.  

For other analysis, soil samples were sieved 
through a 12-mesh (approximately 2 mm). Table 3 
shows the analytical methods used for each soil 
properties that were examined in this study. 

TABLE 3 
Analytical methods used for the soil properties 

Soil properties Protocols References 
Moisture  Gravimetric [20] 
Texture Hydrometer [21] 
Organic matter Wet digestion [22] 
Calcium carbonate Scheibler [23] 
Water-soluble salts Saturated paste [24] 
pH Saturated paste [25] 
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FIGURE 3 
Soil sampling 

For the measurement of soil moisture levels, 
flat and smooth fields with no vegetation were 
selected as test points to prevent possible deviations 
in SAR backscatter.  

A GPS handset was used to determine the 
absolute location data necessary in marking the test 
points on the satellite image, and in locating them 
on the base map. Moisture level measurements was 
an important phase of the study; therefore, to be 
able to obtain the most accurate possible moisture 
readings, two techniques, time domain 
reflectometry (TDR) probe and gravimetric method, 
were applied in combination. Although TDR 
measurements are much more convenient and faster 
in delivering results compared to gravimetric 
method, it was determined  that in areas with high 
salinity, its accuracy is lower; therefore, results 
obtained from the more accurate gravimetric 
method were used to determine the moisture level 
of soils.  

It was observed that in the top 1-2 cm of soils, 
the moisture levels were relatively low due to wind 
and evaporation, and the values varied widely 
depending on the soil texture, whereas at depths 
deeper than 2 cm, moisture levels increased and 
changes were less dramatic. Taken into account that 
the energy, which forms the C band of SAR 
images, can penetrate approximately 10 cm, 
gravimetric soil moisture measurements were 
considered so that they symbolize 0-10 cm. On a 
clay loam soil, Bruckler et al. [26] found that the 
radar signal penetration depth decreases from about 
5 cm with a soil moisture content of 10%, to 1 cm 
with a soil moisture content of 30%. The 5 cm soil 
moisture sampling depth is therefore in accordance 
with the penetration depth of a C-band radar signal 
[27]. Apart from moisture level measurements, soil 
samples were air-dried under laboratory conditions 
and passed through 2 mm sieves, before texture, 

pH, lime, water soluble salt, water soluble total salt 
and organic matter contents were determined.  

Coordinates of test points were taken during 
soil sampling, and were transferred on to SAR 
images to enable the statistical investigation of 
SAR image backscatter values and also the results 
of soil analysis. 

Backscatter values of test points were 
calculated after sigmanought and betanought 
conversions were made. After the calculation of the 
backscatter coefficient averages of 9 pixels taken 
around the central pixel corresponding to the test 
points, the obtained results were investigated in 
relation to the studied soil properties. In all image 
practices, PCI-Geomatics-10 software was used. 
This research revealed that dielectric coefficient of 
the water in the soil was one of the most important 
factors that affect the reflection of microwave 
energy. Wang [28] indicated the relationship 
between radar backscatter coefficient (sigmanought 
and betanought) and dielectric coefficient of soil 
and water, thus showing its very strong relationship 
with soil moisture. 

RESULTS AND DISCUSSION 

Backscatter and gravimetric soil moisture 
relationships. A significantly positive statistical 
relationship was determined between backscatter 
values of all SAR images used in the study and soil 
moisture (Fig. 4). During the study, the effects of 
both natural moisture levels and parcel based 
changing moisture levels depending on irrigation 
were investigated. A significant positive 
relationship was detected (r=0, 88; r2=0.79 and r=0, 
90; r2=0.81) between soil moisture and backscatter 
values from RADARSAT-1 images with 6.25 m 
resolution, taken in May. Also there was an 
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investigation of the relationship between soil 
moisture and backscatter values of five ENVISAT-
ASAR images with 12.5 m resolution, taken one in 
May, and four in the following summer months 
during the irrigation season. A positive relationship 
as in RADARSAT-1 was detected (r= 0, 85; r=0, 
88; r= 0, 87; r=0, 89, r=0, 91), corresponding to the 
relationship between backscatter values of these 
five ENVISAT-ASAR images and soil moisture. 
The close relationships were due to the ongoing 
irrigation practices at the time of image captures, 
and therefore, some test points coincided with 
completely dry parcels, and others with well-
irrigated wet parcels. The great differences in 

moisture levels between the different test points 
affected backscatter values as well (Table 3). The 
higher resolution of the RADARSAT-1 images is 
the reason for the significant statistical relationship 
between soil moisture levels and backscatter values 
of RADARSAT-1 images, which were taken in the 
pre-irrigation period when there were only natural 
moisture level differences. This result, which shows 
that the backscatter intensity of microwave energy 
increases in direct proportion with soil moisture, 
demonstrates the effectiveness of SAR images in 
monitoring soil moisture. 
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FIGURE 4 
Relationship between gravimetric soil moisture and backscatter of RADARSAT-1 & ENVISAT-ASAR 

images 
 
 

Backscatter and soil texture relationships. 
Also investigated were the statistical relationships 
between the backscatter values of SAR images, and 
soil texture, in other words, proportional 
composition of sand, silt and clay. In this regard, 
first, betanought and sigmanought conversions were 
made on RADARSAT-1 and ENVISAT-ASAR 
satellite images. Backscatter sigmanought averages 
for each central pixel, (corresponding to the test 

point) and the surrounding nine pixels were 
calculated and correlated to the soil texture 
distribution findings for each test point   

When the statistical relationships between soil 
texture and backscatter values from SAR images 
were examined, a negative relationship with sand 
texture but a significantly positive relationship with 
clay texture was found. 
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Relationships between backscatter values of 
RADARSAT-1 images and soil texture. In relation to 
the backscatter values of RADARSAT-1 images 
and soil texture, land surveys consisting of soil 
moisture measurements and samplings were carried 
out at the time of each image capture. The sand, silt 
and clay ratios of the samples were determined.  

For each image capturing period, the statistical 
relationships between soil texture fractions (%) and 

backscatter values were investigated. While there 
was a negative relationship between backscatter 
values of the image taken on 4 May, 2006 and the 
sand ratio in the soil texture (correlation coefficient: 
-0.5), a positive statistical relationship was found 
with clay ratio in the soil texture (correlation 
coefficient: 0.4; r2=0.13) (Fig. 5). 
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FIGURE 5 
Statistical relationships between clay ratio in soil texture and backscatter of RADARSAT-1 image, 4 May, 

2006 
 
 

A strong negative relationship was determined 
between the backscatter values of the image taken 
on 28 May, 2006 and soil texture sand fraction (%) 
with a correlation coefficient of 0.73; however, 

with regard to clay ratio, a strong positive 
relationship was found (correlation coefficient: 
0.63; r2=0.39) (Fig. 6). 
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FIGURE 6 
Statistical relationship between clay ratio in soil texture and backscatter of RADARSAT-1 image, 28 May, 

2006. 
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Relationships between backscatter values of 

ENVISAT-ASAR images and soil texture. 
ENVISAT-ASAR images, used to investigate the 
relationship between soil texture and backscatter 
values, consisted of five images taken on 23 May, 
08 June, 11 July, 01 August and 18 August 
respectively. The figure below shows the 
relationships between backscatter (sigmanought) 
values, and sand, silt and clay fractions (%) of soil 
texture, which were determined through the field 
surveys conducted at the image capture times.  

A negative relationship (r=-0.5) was found to 
exist between the backscatter values of the 
ENVISAT-ASAR image taken on 23 May, 2006 
and the sand fraction (%) of the soil texture 
recorded at the same time. The statistical 
relationship between backscatter values and the 
clay content (%) of the soil texture was found 
significantly linear and positive (r=0.5; r2=0.20) 
(Fig. 7). 
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FIGURE 7 

Statistical relationship between clay ratio in soil texture and backscatter of ENVISAT-ASAR image, 23 
May, 2006. 

 
 
A significant linear negative relationship (r=-

0.58) was found between backscatter values of the 
ENVISAT-ASAR image taken on 08 June, 2006 
and soil texture sand content (%) at this time. The 

statistical relationship of backscatter values with 
clay percentage of the soil texture was found 
significantly linear and positive (r=0.57; r2=0.33) 
(Fig. 8). 
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FIGURE 8 
Statistical relationship between clay ratio in soil texture and backscatter of ENVISAT-ASAR image, 08 

June, 2006. 
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On the ENVISAT-ASAR image taken on 11 
June, 2006, a negative relationship (r=-0.42) 
between backscatter values and the soil texture sand 
ratio, and a positive relationship (r= 0.44; r2=0.19) 

between backscatter values and clay of  soil texture 
were determined, but neither of the  results were  
statistically significant (Fig. 9). 
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FIGURE 9 
Statistical relationship between clay ratio in soil texture and backscatter of ENVISAT-ASAR image, 11 

June, 2006. 
 
 
On the ENVISAT-ASAR image taken on 01 

August, 2006, the correlation coefficient was -0.22 
for the relationship between backscatter values and 
soil texture sand content (%), but 0.27 for 

backscatter/clay relationship; however, no 
statistically significant relationship was determined 
in either case (Fig. 10). 
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FIGURE 10 
Statistical relationship between clay ratio in soil texture and backscatter of ENVISAT-ASAR image, 01 

August, 2006. 
 
 
On the ENVISAT-ASAR image for 18 

August, 2006, the relationship was negative 
(correlation coefficient 0.22) between backscatter 

values and soil texture sand ratio, but positive 
(correlation coefficient: 0.27; r2=0.07) for the 
backscatter/clay relationship (Fig. 11). 
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ENVISAT-ASAR Satellite Image (18 August '06)
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FIGURE 11 
Statistical relationship between clay ratio in soil texture and backscatter of ENVISAT-ASAR image, 18 

August, 2006. 
 
 
Findings showed that statistically strong 

relationships existed between backscatter values for 
all RADARSAT-1 and ENVISAT-ASAR images 
and soil texture. The highlighted relationship is 
directly related to soil moisture, and thus, water 
holding capacity of the soils. Clearly, soil texture is 
the proportional expression of the fractions of sand, 
silt and clay in the soil. Therefore, the clay content 
of the soil directly affects both the water holding 
capacity and backscatter values. A statistically 
strong relationship between soil texture and 
backscatter values was found due to the fact that 
soil moisture was homogenously at natural levels 
because the irrigation of agricultural lands did not 
start until after the RADARSAT-1 images were 
taken. In addition, spatial resolution of 
RADARSAT-1 images was high. Correspondingly, 
for the ENVISAT-ASAR images taken on 23 May 

and 08 June, 2006, a strong statistical relationship 
between soil texture and backscatter values was 
found in this period before the start of irrigation; 
however, on the images taken after 10 June, after 
the beginning of an intense irrigation campaign on 
agricultural fields in the area, it was not possible to 
obtain a satisfactory significant relationship (Table 
3). Another factor was the low spatial resolutions of 
ENVISAT-ASAR images.  

Results were statistically correlated to 
determine the statistical relationships between 
backscatter values of all SAR images and organic 
matter, salinity, pH and lime contents of the soils in 
the study area. No statistically significant 
relationship was found between the organic matter, 
pH, salt and lime contents of the soils sampled from 
the test points and backscatter values (Table 4). 
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TABLE 4 
Correlation coefficients of soil properties and backscatter of all SAR images 

 

Satellite Acquried 
Date 

Gravimetric 
Soil 

Moisture 
(%) 

Texture (%) 
Salinity    

(%) pH CaCO3  

(%) 

Organic 
Matter 

(%) Sand Clay 

RADARSAT–1 
04 May '06 0.88 -0.48 0.40 0.25 0.19 0.41 -0.06 

28 May '06 0.90 -0.73 0.62 0.25 0.17 0.35 0,07 

ENVISAT-
ASAR 

23 May '06 0.85 -0.47 0.47 0.23 0.22 0.30 0.09 

08 June '06 0.88 -0.58 0.57 0.31 0.27 0.27 0.10 

11 June '06 0.87 -0.42 0.44 0.23 0.19 0.30 0.10 

01 August '06 0.89 -0.04 0.01 -0.07 0.1 0.25 0.09 

18 August '06 0.91 -0.22 0.29 0.27 0.38 0.20 0.08 

 
 
CONCLUSIONS 

 
The aim of this study was to investigate the 

possible assessment of some major soil 
characteristics enabled by the use of RADARSAT-
1 and ENVISAT-ASAR images, taken on different 
dates in a one year. In this research, soil texture, 
lime, organic matter, salt contents and soil reaction 
(pH) were examined in relation to microwave 
backscatter. 

In this regard, backscatter values of SAR 
images were obtained and the correlation analysis 
technique was applied to determine the statistical 
relationships among soil moisture, soil texture, 
organic matter, salinity, pH and lime contents of the 
soils. No statistically significant relationships were 
found between organic matter, salt, lime contents 
and pH of the soils sampled from the test points and 
backscatter values.  

The investigation of the relationship between 
backscatter values and soil texture, one of the most 
important soil properties, was based on the 
parameters that form the texture. A positive linear 
relationship between the clay contents and the 
water-holding capacity of soils was found. In this 
study, texture analysis was conducted on the soil 
samples taken from the test points on which 
backscatter values were measured. According to the 
assessments of the statistical relationships between 
the obtained data and backscatter values on SAR 
images, there was a positive significant statistical 
relationship between soils with high clay content 
and backscatter values of four SAR images (2 
RADARSAT-1 and 2 ENVISAT-ASAR) taken in 
May and early June, but, a negative significant 
statistical relationship in terms of backscatter values 

in soil with high sand content. The failure to 
determine a significant statistical relationship on the 
next three ENVISAT-ASAR images can be 
attributed to the likelihood of the externally 
affected changes in moisture content due to surface 
micro relief and drainage conditions. Furthermore, 
regardless of the soil texture, the moisture levels of 
fields increase during the irrigation season, 
affecting the backscatter values without having any 
effect on soil texture. Further studies are 
recommended in order to determine the effects on 
backscatter values of other parameters that are 
effective on moisture content. 
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ABSTRACT 

 
This study examined the responses to salt 

stress of 5 pea genotypes, B-6, 110121, 1103220, 
101917 and 10431 and two pea cultivars Winner 
and Karina under 75 mM NaCl salt treatment. Pea 
genotypes were selected from among cross-breed 
varieties of wild pea and white flowered pea 
growing different regions of Anatolia.  While 
salinity reduced significantly fresh weight of BA, 
110121, it did not cause a significant change fresh 
weight of the other pea varieties used in this study 
as compared to the control. Lipid peroxidation was 
increased by NaCI treatment in all varieties. This 
increase was more pronounced in BA and 11121 
relatively to other pea varieties.  On the basis of 
plant growth and MDA contents, B-6 and 110121 
appeared as being more salt sensitive than other 
varieties 

When compared to control, salt treatment 
increased antioxidant enzyme activities in all pea 
varieties used in this study. The increases were 
greater in salt tolerant 1103220, 101917 and 10431 
pea varieties than salt sensitive BA and 110121 
varieties. These results suggest that pea seedlings 
respond to salt-induced oxidative stress by 
increasing their antioxidant defense systems. 

 
KEYWORDS:  
Superoxide dismutase (SOD); catalase (CAT); ascorbate 
peroxidase (APX) ; Oxidative stress; 

 
 
INTRODUCTION 

 
The pea plant grows in temperate climates, 

with the largest sowing area found in Asia and the 
greatest production and yield found in Europe. 
Following bean, pea is the most widely sown plant 
crop globally. In Turkey, 1100 ha are devoted to 
pea cultivation, and the annual pea production is 
2500 tons, giving an average yield of 2272 kg. ha-1 
[1]. 

Salinity in soil or water is of importance to 
agriculture because it limits the distribution of 
plants in certain natural habitats and induces a wide 
range of adverse metabolic responses in higher 

plants. Although some crops are moderately 
tolerant of saline conditions, many crops are 
adversely affected by even low levels of salt [2]. 
Salinity stress affects the metabolism of plant cells 
leading to severe crop damage and loss of 
productivity [3]. 

Salt tolerance in higher plants is the result of a 
number of physiological responses. There is 
evidence that high salt concentrations cause an 
imbalance in cellular ions, resulting in ion toxicity 
and osmotic stress, leading to the generation of 
reactive oxygen species (ROS) which cause damage 
to of lipids, proteins, and nucleic acids [4]. To 
control the level of ROS and to protect the cells, 
plants possess a number of low molecular weight 
antioxidants (ascorbate, glutathione, phenolic 
compounds, tocopherols) and enzymes scavenging 
ROS and regenerating the active form of the 
antioxidants SOD, CAT, APX, GR. Under normal 
conditions, the production and scavenging of these 
activated oxygen species is regulated well. In this 
way, this enzyme system can eliminate the 
damaging effects of toxic oxygen species [ 5, 6, 7].  

Many reports suggest that the extent of 
oxidative cellular damage in plants exposed to 
abiotic stress is controlled by the capacity of their 
antioxidant systems [8, 9,10].  The aim of this study 
was to determine the activities of some anti-
oxidative stress enzymes (SOD, CAT and APX) 
and amount of MDA in some pea varieties grown in 
hydroponic culture under salt stress conditions. 

 
 
MATERIAL AND METHODS 

 
Material. Five pea genotypes (B-6, 110121, 

1103220, 101917 and 10431) and two pea cultivars 
(Winner and Karina) from different region of 
Anatolia were used in the study. 

 
Methods. Growing the plants: Pea seeds were 

germinated in a growth chamber at 20±2 Cº and 
70% humidity with a 16-h photoperiod. Seeds were 
placed in plastic pots (40x25x5 cm) filled with 
pumice, and seedlings were irrigated with Hoagland 
nutrient solution following the emergence of the 
first true leaves. Following the emergence of the 
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second true leaf, seedlings were transplanted to 
plastic developing dishes (25x25x5 cm) for 
hydroponics culture using a Hoagland solution 
replaced at weekly intervals.  

Seedlings were grown in control conditions 
until emergence of the fourth true leaf, at which 
time salt stress treatment was initiated. Salt 
treatment consisted of adding 25 mM NaCl daily 
until a concentration of 75 mM NaCl was attained. 
The experiment used a completely randomized 
design with three replications. Each experimental 
plot consists of 15 plants for each variety. Fourteen 
days after the initiation of salt treatment, six plants 
were randomly harvested from each replication for 
the fresh weights measurements  

Enzymes extraction and assay: Fresh leaf 
samples were submersed for 5 min in liquid 
nitrogen. The frozen leaves were kept at -80o C for 
further analyses. Enzymes were extracted from 0.5 
g leaf tissue using a mortar and pestle with 5 ml 
extraction buffer containing 50 mM potassium 
phosphate buffer pH 7.6 and 0.1 mM Na-EDTA. 
The homogenate was centrifuged at 15000 x g for 
15 min and the supernatant fraction was used to 
assay for the various enzymes. All steps in the 
preparation of enzyme extracts were performed at 4 
0C [11].  

SOD was assayed according to Cakmak and 
Marschner[12] by monitoring the superoxide 
radical-induced nitro blue tetrazolium (NBT) 
reduction at 560 nm. One unit of SOD activity was 
defined as the amount of enzyme which causes 50% 
inhibition of the photochemical reduction of NBT 
[11].  

Catalase activity was determined by 
monitoring the disappearance of H2O2 according to 
the method of Cakmak and Marschner[11]. 

APX activity was determined as described by 
Cakmak and Marschner [11], measuring ascorbate 
consumption at 290 nm. One unit of APX was 
defined as the amount of enzyme required to 
consume 1 µmol of ascorbate pe min.  

Lipid peroxide content (MDA): Lipid 
peroxidation was measured as the amount of MDA 
determined by the thiobarbituric acid (TBA) 
reaction [12]. Frozen samples were homogenized in 
a pre-chilled mortar and pestle with two volumes of 
ice-cold 0.1% (w/v) tricloroacetic acid (TCA) and 
centrifuged for 15 min at 15000 x g. Assay mixture 
containing 1 ml aliquot of supernatant and 2 ml of 
0.5 % (w/v) TBA in 20 % (w/v)  tricloroacetic acid 
(TCA) was heated at 95 0C for 30 min and then 
rapidly cooled in an ice-bath. After centrifugation 
(10000 x g for 10 min at 4 0C), the supernatant 
absorbance (at 532 nm) was read and values 
corresponding to non-specific absorption (600 nm) 
were subtracted. Lipid peroxidation products were 
measured as the content of thiobarbituric acid-
reactive substances. The MDA content was 
calculated according to the molar extinction 
coefficient of MDA (155 mM–1 cm–1). 

All results reported were the means of three 
replicates. Data were analyzed by analyses of 
variance, the means separation was carried out by 
Duncan’s multiple range test (P<0.01) using SAS 
[13] software. 

 
 
RESULTS  

 
When compared to control, NaCl treatment 

decreased significantly plant fresh weight in BA 
and 110121 pea varieties. Salt treatment caused 
slightly decrease in fresh weight of Winner pea too. 
This decrease was not found significant 
statistically.   On the other hand, NaCl treatment 
did not cause a significant change in plant fresh 
weight of Karina, 1103220, 101917 and 10431 pea 
varieties relatively to control treatment. When 
considering plant growth, BA and 110121 appeared 
to be more sensitive to salt stress than Karina, 
1103220, 101917 and 10431 pea varieties (Figure 
1, A).  
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FIGURE 1 

Comparison of control and NaCl treated pea varietie and cultures for fresh plant growth (PFW; Panel A), 
superoxide dismutase (SOD; Panel B) activitie, ascorbate peroxidase  (APX ; Panel C) activitie, catalase 

(CAT; Panel D) activity and melondialdehide (MDA; Panel E) content  Means followed by same latter are 
not significantly different at 0.05 probability level, based on DMR. 

 
 
To determine the response of pea to salt-

induced oxidative stress, SOD, CAT and APX 
activities, and MDA contents were measured in 
leaves of seedlings grown with or without elevated 
NaCl (75 mM).  

 
NaCl treatment increased significantly 

activities of SOD, CAT and APX in all pea 
varieties.  There were significant differences 
between varieties with regard to the amount of 
increase. Under salt stress, while BA and 110121 
varieties had the lowest SOS activity, 10431 and 
101917 varieties had the highest SOD activities 
among seven pea varieties used in this study. The 
increases in APX activities stemmed from NaCl 
application were much more pronounced in 10431, 
101917 and 1103220 compared to other pea 
varieties. The increases in CAT activities with NaCl 
application were lowest in BA, followed by Karina 
and 110121, and highest in 10431 and 1103220. 
The increases in APX activities of Winner and 
101917 varieties were intermediate among pea 
varieties MDA contents increased significantly in 
all pea varieties under salt stress relatively to 
control treatment.  However the increases in MDA 
content of BA and 110121 pea varieties were 
significantly higher than the increases in MDA 
contents of the other pea varieties used in this 
study.   Under salt-stress condition, the highest 
MDA content was measured in 110121 pea 
varieties, followed by BA and lowest in 101917 and 
10431 pea varieties (Figure 1, B, C, D).  

MDA contents increased significantly in all 
pea varieties under salt stress relatively to control 
treatment.  However the increases in MDA content 
of BA and 110121 pea varieties were significantly 
higher than the increases in MDA contents of the 
other pea varieties used in this study.   Under salt-

stress condition, the highest MDA content was 
measured in 110121 pea varieties, followed by BA 
and lowest in 101917 and 10431 pea varieties 
(Figure 1, E). 

 
 

DISCUSSION AND CONCLUSIONS 
 

In this study, seven pea varieties differed in 
their susceptibility to salt stress. Considering plant 
growth measured on 15 day after salt application, it 
can be said that BA and 110121 appeared to be the 
most sensitive to salt stress than the other pea 
varieties.  Under salt stress, the highest MDA 
content was found in sensitive BA and 110121 
varieties. On the other hand the lowest MDA was 
measured in 101917 and 10431 varieties showing 
better growing under salt stress. These results are 
consistent with previous research results. It was 
reported that the genotypes with higher stress 
tolerance have less MDA and less lipid per 
oxidation, and those with higher lipid per oxidation 
are more precious to salt in study of Karanlik [14] 
on wheat, Fu and Huang  [15]  on grass, Aktas [16] 
on pepper, Turkan et al. [17] on bean. Similarly, 
MDA values of two green bean varieties grown 
under salt stress had been examined and it had been 
found that MDA amount increases depending on 
the increase of salt and MDA value of the more 
tolerant variety is less by 30% compared with the 
salt-sensitive variety  [10].   

  
Under normal growth conditions, the 

production of ROS in the cell is at low levels. 
However, under conditions of an abiotic stress such 
as high salinity, cellular homeostasis is disrupted 
and leads to the production of high levels of ROS.  
These radicals can damage vital cellular 
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macromolecules (e.g., via denaturation of proteins, 
mutation of DNA, and/or peroxidation of lipids). 
Free radical accumulation is normally controlled by 
free radical scavengers like SOD, CAT and APX. 
SOD is one of the ubiquitous enzymes in aerobic 
organisms and plays a key role in cellular defense 
mechanisms against ROS. [18, 19]. There have 
been reports of increased SOD activity in salt 
tolerant cultivars of pea [20], maize genotypes [21] 
and green bean genotypes [10] under salt stress. In 
this study, SOD activity increased in all pea 
cultivars under salt stress. But, there were 
significant differences between varieties in respect 
to the amount of increase.   The increase in SOD 
activity was the highest in 101917 and 10431 
varieties showing better growing under salt stress, 
and the lowest in sensitive BA and 110121 
varieties. This result supports to the idea that SOD 
have important role in salt tolerant mechanism (10, 
17, 22).   

Protecting against salt stress damage, just as in 
previous studies on some plants [14, 10], could be a 
result of higher levels of APX, CAT anti oxidative 
enzyme systems. Shalata and Tal [23] studied 
changes in the anti-oxidant enzyme activities in 
wild tomato species and in cultured tomatoes under 
salt stress and reported that APX activity increased 
in salt-tolerant wild species and decreased in ‘M82’ 
which was a sensitive variety. In this study, salt 
application increased significantly APX and 
activities of all varieties and cultivars used in this 
study compared with control plants. On the other 
hand, salt-tolerant varieties (1103220, 101917 and 
10431) showing a better growth in salted medium 
had higher APX activities than salt-sensitive 
varieties (BA and 110121) under salt stress. It was 
reported that APX enzyme activity became higher 
in the kind of strong against salt than sensitive type 
in green been (10), in pumpkin (24), in melon (25). 

 
Yaşar (2003) reported that there were 

significant differences in catalase activity between 
species, and catalase activity increased in eggplant 
exposed to salt. Likewise, in present study, NaCl 
treatment increased CAT activities in all pea 
varieties.  It was declared that CAT activity was 
higher in cotton and tomato genotipes having high 
resistant against salt than sensitive genotypes (6, 
23). In this study, although CAT activities under 
salt stress was not a distinguishing feature as APX 
and SOD for salt sensitive and salt tolerant 
varieties, 1103220, 101917 and 10431 had higher 
CAT activities in relatively to the other pea 
varieties.  

 
In conclusion, it is possible to say that anti-

oxidative enzyme activities play a protective role 
against stress, and that the anti-oxidative defense 
mechanisms were considered to be effectively 

functioning to provide resistance to salt stress 
conditions in pea plants grown hydroponically. 
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ABSTRACT 
 

In this study, influence of treated sewage 
sludge (TSS) rates on corn and second crop wheat 
yield and some soil properties of sandy loam soil 
(Typic Xerofluvent) were investigated. The field 
study was conducted in 20 plots in a randomized-
block design with four replications and five 
different applications including control, mineral 
fertilizer, treated sewage sludge 12.5 Mg.ha-1, 25.0 
Mg.ha-1, 37.5 Mg.ha-1 as dry matter during 2011-
2012 in Menemen-İzmir, Turkey. Corn (Zea mays) 
and wheat (Triticum vulgare) were sown as the first 
and second crop respectively. During the 
experiment, soil samples were taken five times in 
two years. Increasing TSS applications to this soil 
resulted in significantly increased total biomass and 
grain yield of corn according to the control. 
Available nutrient concentrations in the soil 
decreased in the last periods. That’s why grain yield 
of second crop wheat did not significantly change 
with increasing TSS applications. Increasing TSS 
aplications were significiantly increased total N, 
available P and K, pH, total salt and organic matter 
(OM) content of sandy loam soil. However, CaCO3 
and cation exchange capacity (CEC) values of soil 
did not change significantly when compared with 
the control. Due to decomposition of TSS in the 
soil, effect of TSS levels on soil properties 
decreased in the last periods. For this reason, it is 
recommended that 37.5 Mg.ha-1 TSS as dry matter 
can be added once in 2 years for improving plant 
nutrients and soil properties of sandy loam soil, 
which are characterized by low OM content in 
Mediterranean region.  

 
KEYWORDS: 
Corn, Sandy loam soil, Sewage sludge, Soil properties, 
Wheat  

 
 
INTRODUCTION 

 
Agricultural recycling of organic wastes is an 

interesting solution since it enables a reduction of 

the quantities of mineral fertilizers applied and an 
improvement of organic matter (OM) content of 
soil. Treated Sewage Sludge (TSS) is an ultimate 
product of municipal wastewater treatment plant 
and highly enriched in OM. At present the major 
ways of disposing of sewage sludges are deposition, 
landfill and incineration, only a part of the sludges 
are used in agriculture. Where sludge is to be used 
on land, it is usually stabilised by mesophilic 
anaerobic digestion, or aerobic digestion and then 
treated with polymers and mechanically dewatered 
using filter presses, vacuum filters or centrifuges. 
Other treatment processes for sludge going to land 
include long-term storage, conditioning with lime, 
thermal drying and composting. As municipalities 
upgrade waste water treatment systems and public 
opinion and legislation discourages disposal of 
organic materials in landfills, TSS are projected to 
become increasingly available for agricultural use. 
Organic materials can differ considerably in terms 
of the extent to which they increase soil organic 
matter contents and alter soil physical and chemical 
properties [1]. Sewage sludge may contain 
significant amounts of N, P and trace elements. The 
use of sewage sludge has been recommended to 
improve the chemical and physical properties of 
soil [2, 3]. The beneficial effects of using sludge on 
agricultural soils have been proven by numerous 
researchers [2, 3, 4, 5, 6, 7, 8]. The use of sewage 
sludge as agricultural soil amendments and fertiliser 
replacements is also relatively well researched [9, 
10, 11, 12] and fertiliser advice is available for 
these materials [ 13]. TSS contains macronutrients, 
trace elements and heavy metals. These attributes 
potentially make TSS an excellent fertilizer at very 
low cost for agricultural land in Turkey which is 
generally rich in lime, low in OM. However, 
special care should be taken with respect to 
micronutrients and heavy metals so as not to 
introduce excessive amounts of these elements, 
which could have an adverse effect on the 
environment, especially when soil is acidic [12, 14, 
15, 16]. The purpose of this work has been to 
evaluate the effect of municipal TSS doses on the 
corn and second crop wheat yield and some soil 
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properties of sandy loam soil during five different 
periods in two years (1st, August 3, 2011-3 weeks 
after sowing of corn; 2nd, December 15, 2011-after 
corn harvest; 3rd, July 11, 2012-after wheat 
harvest; 4th, August 7, 2012-3 weeks after sowing 
of second year corn; 5th, November 23, 2012- after 
corn harvest of second year). 
 
 

MATERIALS AND METHODS 
 

Experimental. The experiment was conducted 
at the research field of Aegean Agricultural 
Research Institute in Menemen plain, Izmir, Turkey 
(38°56 87.96 -38°56 91.02 N; 27°03 57.52 -
27°03 58.61 E). The experimental site is in the 
Western Anatolia region of Turkey (Figure 1), 

where the Mediterranean climate prevails with a 
long-term mean annual temperature of 16.8 °C. 
Long-term mean annual precipitation is 542 mm, 
representing about 75% of rainfalls during the 
winter and spring, and the mean relative humidity is 
57%. Long-term mean annual potential 
evapotranspiration is 1,570 mm [17]. The 
investigated soil is characterized by sandy loam 
texture with slightly alkaline reaction and classified 
as a Typic Xerofluvent [18]. Some selected 
properties of experimental soil is given in Table 1 
and some selected properties and total heavy metal 
concentrations in TSS used in the experiment is 
given in Table 2. 
 
 

 
 

TABLE Fehler! Kein Text mit angegebener Formatvorlage im Dokument.  
Some selected properties of experimental soil 

 
Sand (%) 55.84 pH (Saturation paste) 7.61 
Silt (%) 31.44 Salt  (%) 0.085 
Clay (%) 12.72 CaCO3 (%) 4.56 
Texture  Sandy loam OM* (%) 1.80 

*OM:organic matter 
 

 

 
 

FIGURE 1 
 Location of study area 
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                                                                                 TABLE 2 
Some selected properties and total heavy metal concentrations of treated sewage sludge used in the 

experiment 
 

EC dS/m 16,35 Fe % 1,14 
CaCO3 (%) 10,24 Cu mg/kg 268,8 
Org. matter (%) 70,32 Zn mg/kg 1335 
Org. C (%) 40,79 Mn mg/kg 298,6 
N1 (%) 5,33 B mg/kg 035,2 
P1 (%) 1,33 Co mg/kg 014,2 
K1 (%) 0,68 Cd mg/kg 004,1 
Ca1 (%) 3,74 Cr mg/kg 250,6 
Mg1 (%) 0,68 Ni mg/kg 115,4 
Na1 (%) 0,59 Pb mg/kg 199,4 

 1Total 
 
 

Field experiment. The field study was 
conducted in 16 plots in a randomized-block design 
with four replications, during 2011-2012. The plot 
dimensions were 3 m width and 3 m length. The 
TSS used in the experiment was obtained from the 
wastewater treatment plant of Metropolitan Region, 
Izmir city. It may produce around 600 Mg (moist 
basis) sewage sludge per day. Calcium oxide was 
added to raise the efficiency of the dewatering 
process of sewage sludge. In addition, the SS 
produced presented a pH varying between 10 and 
13, what increased the pathogen control and 
decreased the heavy metal availability by added 
calcium oxide. TSS was added to the soil under 
investigation at the rates of 12.5 Mg.ha-1; 25.0 Mg. 
ha-1; 37.5 Mg.ha-1 as dry matter on July 8, 2011. 
Also 150 kg N, 150 kg P2O5, 150 kg K2O ha-1 (1000 
kg ha-1 15.15.15. composed fertilizer) were applied 
to the only mineral fertilizer parcels at the same 
time and mixed with soil to 15 cm depth. Corn (Zea 
mays) seeds were sown with seeding machine on 
rows 18 cm and in rows 70 cm apart. Drop 
irrigation was provided when required. Harvest of 
corn was done by hands on December 15, 2011. 
Wheat (Triticum vulgare) seeds were sown with 
seeding machine on December 22, 2011 to 5 cm of 
soil depth as second crop. Also 80 kg N and 80 kg 
P2O5 ha-1 (400 kg ha-120.20.0. composed fertilizer) 
were applied to the only mineral fertilizer parcels at 
the same time and mixed with soil to 15 cm depth 
before wheat seeding. Wheat was harvested with 
machine on July 10, 2012. Second year, without 
applying any TSS (for determination of its second 
year effect), corn seeds were sown with seeding 
machine on July 18, 2012. Also 150 kg N, 150 kg 
P2O5, 150 kg K2O ha-1 were applied to the only 
mineral fertilizer parcels at the same time and 
mixed with soil to 15 cm depth before corn seeding. 
Harvest of second year’s corn was done by hands 
on November 23, 2012. 

Soil sampling and analyses. During the 
experiment, soil samples were taken from the center 
of each plot in five different periods (1st, August 3, 
2011-3 weeks after sowing of corn; 2nd, December 
15, 2011-after corn harvest; 3rd, July 11, 2012-after 
wheat harvest; 4th, August 7, 2012-3 weeks after 
sowing of second year corn; 5th, November 23, 
2012- after corn harvest of second year). The 
samples were air-dried and sieved using 2-mm 
sieve. All analysis were done in these sieved soils. 
Particle size distribution of experimental soil was 
determined by the Bouyoucos hydrometer method 
[19] . Total salt, OM concentration, CaCO3, pH, 
total P, K, Ca, Mg, Na, Fe, Cu, Mn, Zn, Cd, Cr, Co, 
Ni, Pb and B concentrations of TSS were all 
determined according to Page et al. [20]. Some 
properties (total salt, OM concentration, CaCO3, 
pH) of the soil were also determined according to 
Page et al. [20] . Cation exchange capacity (CEC) 
of experimental soil was determined according to 
Chapman [21] . Total N content of soil and TSS 
were determined using a modified Kjeldahl method 
[22]. Available P in soil was determined by the Mo 
blue method in NaHCO3 extract [23]. Available K 
was analyzed with 1N NH4OAc extract method 
[24].  

 
Statistical analysis. Data were analyzed using 

the Statistical Package for the Social Sciences 
(SPSS) version 17 [25]. Analysis of variance was 
performed to determine influence of TSS rates on 
corn and second crop wheat yield and N, P, K 
content and some soil properties of sandy loam soil. 
Tukey test was used to find if differences in the 
treatments were significant at P≤0.01 or P≤0.05. 
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RESULTS AND DISCUSSION  
 

Influence of TSS applications on yield of 
corn and second crop wheat grown in sandy 
loam soil. Influence of TSS applications on total 
biomass and grain yield of corn grown in sandy 
loam soil are given in Table 3 and Table 4, 
respectively. The increasing TSS rates significantly 
increased average of 1st and 2nd year total biomass 

and grain yield of corn in the experiment. Antolı′n 
et al. [26] stated that the yield of barley increased in 
sludge and mineral amended plots in comparison to 
unamended plots. This increased grain yield was 
primarily due to increased ear number per unit of 
area. The higher yields in sludge-treated crops are 
usually attributed to an improvement in the soil 
conditions, by the supply of additional C from the 
sludge [27, 28].  

 
 

                                                                                  TABLE 3 
Influence of treated sewage sludge (TSS) applications on total biomass yield of corn grown in sandy loam 

soil (Turkey: P≤ 0,01: P≤ 0,05) 
 

Applications 
Average of 1st 
and 2nd. year 
yield (Mg.ha-1) 

1st year 
yield 

(Mg.ha-1) 
 

2nd year 
yield 

(Mg.ha-1) 
  

Control 34.58 b1 40.68 a A2 28.47 ab B ** 
Fertilizer 36.30 ab 42.14 a A 30.47 ab B ** 

12.5 Mg.ha-1TSS 33.79 b 42.45 a A 25.14 b B ** 
25.0 Mg.ha-1TSS 37.84 ab 44.44 a A 31.24 ab B ** 
37.5 Mg.ha-1TSS 42.09 a 47.78 a A 36.40 a B ** 

 *   **   
Significant differences between treatments at ** P≤ 0,01 or * P≤ 0,05 level indicated by different letters. 1Small 

letter in column for applications, 2capital letter in row for years. 
                                                                      
 
                                                                              TABLE 4 

Influence of treated sewage sludge (TSS) applications on grain yield of corn grown in sandy loam soil 
(Turkey: P≤ 0,01: P≤ 0,05) 

 

Applications 
Average of 1st 
and 2nd. year 
yield (Mg.ha-1) 

1st year 
yield 

(Mg.ha-1) 
 

2nd year 
yield 

(Mg.ha-1) 
  

Control 7.47 c1 9.29 b A2 5.65 ab B ** 
Fertilizer 9.25 abc 11.47 ab A 7.04 ab B ** 

12.5 Mg.ha-1TSS 8.44 bc 11.78 ab A 5.10 b B ** 
25.0 Mg.ha-1TSS 10.58 ab 13.50 a A 7.65 ab B ** 
37.5 Mg.ha-1TSS 12.00 a 14.93 a A 9.08 a B ** 

 * **  **   
Significant differences between treatments at ** P≤ 0,01 or * P≤ 0,05 level indicated by different letters. 1Small 

letter in column for applications, 2capital letter in row for years. 
 

Influence of TSS applications on grain yield of second crop wheat grown in sandy loam soil are given in Table 5. 
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TABLE 5 
Influence of treated sewage sludge (TSS) applications on grain yield of second crop wheat grown in sandy 

loam soil (Turkey: P≤ 0,05) 
 

Applications Control Fertilizer 12.5  
Mg.ha-1TSS 

25.0  
Mg.ha-1TSS 

37.5  
Mg.ha-1TSS 

Grain yield of 
second crop wheat 
(Mg.ha-1) 

2.587 b1 4.366 a 2.773 b 3.452 ab 3.058 b 

1Significant differences between treatments at * P≤ 0,05 level indicated by different letters.  
 
 

The highest grain yield of wheat as second 
crop was found with commercial fertilizer 
application. It can be said that nutrient 
concentration in the soil decreased particularly for 
second crop wheat because of first crop corn plant 
uptake of nutrients that came from sewage sludge in 
soil. Hernandez et al. [29], Jamil et al. [30], Jamil et 
al. [31] and Tamrabet et al. [32]  reported that 
sewage sludge increased the grain yield and straw 
production of wheat. They mentioned that the 
maximum yields in both grain and straw were 
obtained at 40 Mg ha-1 of sewage sludge 

application. Al-Mustafa et al. [33], Singh and Singh 
[34], Al Zoubi et al. [35]  and Ailincăi et al. [36] 
also mentioned highest increase in the grain and 
straw yield of wheat treated with sewage sludge. 
  

Influence of TSS applications on total N, 
plant available P and K content of sandy loam 
soil. Influence of TSS applications on total N 
content of sandy loam soil is given in Table 6. 
 

 

                                                                             
 
                                                                                 TABLE 6 

Influence of treated sewage sludge (TSS) applications on total N content of sandy loam soil, Total N (%) 
(Turkey: P≤ 0,01) 

 

Applications 
Average 

of 5 
periods 

Soil sampling periods 
 

1 2 3 4 5 

Control 0.076 b1 0.101 b A2 0.083 b AB 0.074 a AB 0.080 a AB 0.043 a B ** 
Fertilizer 0.096 ab 0.141 ab A 0.104 ab AB 0.080 a BC 0.110 a AB 0.043 a C ** 

12.5 Mg.ha-1TSS 0.087 ab 0.129 ab A 0.108 ab A 0.076 a AB 0.079 a AB 0.041 a B ** 
25.0 Mg.ha-1TSS 0.104 ab 0.158 a A 0.125 ab AB 0.085 a BC 0.096 a BC 0.055 a C ** 
37.5 Mg.ha-1TSS 0.114 a 0.178 a A 0.147 a AB 0.113 a BC 0.090 a CD 0.043 a D ** 

 ** **  **         
Significant differences between treatments at ** P≤ 0,01 level indicated by different letters. 1Small letter in 
column for applications, 2capital letter in row for periods. 
 
 

The increasing TSS rates significantly 
increased total N concentration of the average of 5 
sampling periods of soil compared with the control. 
Total N concentration in the soil decreased 
particularly in the last periods because of the plant 
uptake of N in soil. Brofas et al. [37] stated that N 
concentration increased with sludge applications. 
Bozkurt and Cimrin [38]  determined that sewage 
sludge applications increased the total N 
concentration about five-fold at the highest sludge 
rate. White et al. [39] found that N mineralization 
potentials were significantly higher at high sludge 
rates. Magdoff and Amadon [40] estimated that 
55% of organic N in sludge incorporated in soil was 

mineralized during the first year. Under optimum 
laboratory conditions at a temperature of 35 °C, 55 
to 95% of the organic N was mineralized in a 24-
week period. The rate of mineralization is a 
function of the amount of the sludge added to soil. 
A good N balance is a critical factor in any land 
application program. Over application of N can 
result in groundwater contamination. Under 
application can lead to less than optimum crop 
yields and consequently to farmer dissatisfaction. It 
is important that sufficient sludge is applied to 
obtain optimum crop response without excessive 
NO3-leaching. Further investigation is needed to 
develop more precise methods for balancing N 
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from different sludge types and for varying soil 
conditions. 

Influence of TSS applications on plant 
available (NaHCO3-extractable) P content of sandy 
loam soil is given in Table 7. Applications of 
increasing TSS rates significantly increased the 
plant available P concentrations of soil in 5 
different soil sampling periods according to the 
control. In the course of time, depending on 
decomposition of OM and using of plant available 
P in soil by produced plants, the effect of TSS rates 
on plant available P concentrations in soil 
decreased especially in the last periods. White et al. 
[39] and Brofas et al. [37] also reported a 
remarkable increase in plant available P in soil after 
the application of sewage sludge. Another study 
showed that P concentrations increased more than 

six-fold from control to the highest application rate 
plots [41].  

Influence of TSS applications on plant 
available K content of sandy loam soil is given in 
Table 8. Increasing TSS rates significantly 
increased available K concentration of the average 
of 5 sampling periods of soil compared with the 
control. In the last period (5), all available K 
concentrations of soil samples were nearly the 
same. Delibacak et al. [12] found that, plant 
available K increased with TSS rates from 340 mg 
kg-1 in the control plots to 419 mg kg-1 with the 90 
Mg ha-1 application rate. On the other hand, 
Martı′nez et al. [42] noted that, plant available K 
concentrations in soil were low and did not increase 
significantly with sewage sludge treatments 
compared with the control. 

                                                                              
 

TABLE 7 
Influence of treated sewage sludge (TSS) applications on plant available (NaHCO3-extractable) P content 

of sandy loam soil. Available P (mg.kg-1) (Turkey:P≤ 0,01; P≤ 0,05) 
 

Applications 
Average 

of 5 
periods 

Soil sampling periods 
 

1 2 3 4 5 

Control 100.05 b1 154.85 b A2 107.69 c B 85.05 b B 72.53 b B 80.14 b B ** 
Fertilizer 110.42 b 161.30 b A 117.05 bc B 100.83 ab BC 79.91 ab C 92.99 ab BC ** 

12.5 Mg.ha-1TSS 107.09 b 161.40 b A 114.78 bc B 89.29 b B 81.52 ab B 88.47 ab B ** 
25.0 Mg.ha-1TSS 139.91 a 214.40 b A 150.75 b B 112.96 ab C 109.18 a C 111.75 a C ** 
37.5 Mg.ha-1TSS 154.66 a 214.93 a A 192.30 a A 132.97 a B 115.50 a B 113.70 a B ** 

 ** **  **  **  **  *   
Significant differences between treatments at ** P≤ 0,01 or * P≤ 0,05 level indicated by different letters. 1Small 
letter in column for applications, 2capital letter in row for periods. 

 

TABLE 8 
Influence of treated sewage sludge (TSS) applications on plant available (1N NH4OAc- extractable) K 

content of sandy loam soil. Available K (mg.kg-1) (Tukey:P≤ 0,01) 
 

Applications 
Average 

of 5 
periods 

Soil sampling periods 
 

1 2 3 4 5 

Control 475.82 b1 514.49 b A2 514.10 ab AB 440.57 a B 439.11 b B 443.85 a B ** 
Fertilizer 515.72 ab 563.41 b A 543.34 ab A 453.89 a B 559.41 a A 458.57 a B ** 

12.5 Mg.ha-1TSS 478.04 b 566.49 b A 465.37 b BC 406.68 a C 496.17 ab AB 455.49 a BC ** 
25.0 Mg.ha-1TSS 505.75 ab 618.49 ab A 501.91 ab BC 429.94 a C 522.93 a B 455.16 a BC ** 
37.5 Mg.ha-1TSS 529.13 a 648.08 a A 548.21 a B 449.84 a D 532.66 a BC 466.88 a CD ** 

 ** **  **    **     
Significant differences between treatments at ** P≤ 0,01 level indicated by different letters. 1Small letter in 
column for applications, 2capital letter in row for periods. 
 
 

Influence of TSS applications on some 
properties of sandy loam soil. Influence of TSS 
applications on pH of sandy loam soil is given in 

Table 9. The increasing TSS rates significantly 
increased pH values of the average of 5 sampling 
periods and in the first period sampling of soil 
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compared with the control. It can be said that the 
reason of increasing pH value of soil is high pH 
values of sewage sludge treated with lime to 
eliminate the pathogens. In the last four periods, all 
pH values of soil samples were nearly the same. It 
is recommended that soil pH should be maintained 
above 6.5 for sludge amended soils [43]. Smith [44] 

noted that optimal pH value for growth of the 
majority of plants was between 6.5 and 7.0. The 
soil pH is also one of the major factors controlling 
the availability of heavy metals.Influence of TSS 
applications on total salt content of sandy loam soil 
is given in Table 10. 

 
 

TABLE 9 
Influence of treated sewage sludge (TSS) applications on pH of sandy loam soil (pH, Turkey:P≤ 0,01) 

 

Applications Average of 
5 periods 

Soil sampling periods 
 

1 2 3 4 5 

Control 7.91 ab1 7.64 ab B2 8.05 a A 7.92 a A 7.91 ab A 8.05 a A ** 
Fertilizer 7.83 b 7.49 b D 8.05 a A 7.85 a BC 7.73 b C 8.02 a AB ** 

12.5 Mg.ha-1TSS 7.93 ab 7.67 ab B 8.04 a A 7.94 a A 7.92 a A 8.11 a A ** 
25.0 Mg.ha-1TSS 7.93 ab 7.65 ab C 8.09 a A 7.95 a AB 7.88 ab B 8.08 a A ** 
37.5 Mg.ha-1TSS 7.95 a 7.73 a C 8.05 a AB 7.99 a AB 7.87 ab BC 8.11 a A ** 

 ** **      **     
Significant differences between treatments at ** P≤ 0,01 level indicated by different letters. 1Small letter in 
column for applications, 2capital letter in row for periods. 
 
 
                                                                                TABLE 10 

Influence of treated sewage sludge (TSS) applications on total salt content of sandy loam soil 
(Total salt (%), Turkey:P≤ 0,01) 

 

Applications Average of 
5 periods 

Soil sampling periods 
 

1 2 3 4 5 

Control 0,057 b1 0,084 c A2 0,036 a AB 0,026 a B 0,076 a AB 0,064 a AB ** 
Fertilizer 0,065 ab 0,104 c A 0,041 a B 0,026 a B 0,075 a AB 0,080 a AB ** 

12.5 Mg.ha-1TSS 0,066 ab 0,116 bc A 0,064 a AB 0,025 a B 0,056 a B 0,068 a AB ** 
25.0 Mg.ha-1TSS 0,079 ab 0,168 ab A 0,066 a B 0,030 a B 0,065 a B 0,067 a B ** 
37.5 Mg.ha-1TSS 0,094 a 0,199 a A 0,081 a B 0,035 a B 0,071 a B 0,084 a B ** 

 ** **           
Significant differences between treatments at ** P≤ 0,01 level indicated by different letters. 1Small letter in 
column for applications, 2capital letter in row for periods. 
 
 

It was found that, there is no statistical 
relationship between TSS levels and salt content of 
soil in all periods, except for first period. Total salt 
content of soil was significantly increased by 
increasing TSS levels in soil samples of 1st period. 
The highest total salt was 0.199% with 37.5 Mg.ha-

1TSS level. This was followed by 25.0 (0.168%) 
and 12.5 (0.116%) Mg.ha-1TSS levels, respectively 

(Table 10). In the last four periods, all salt contents 
of soil samples were nearly same. It can be said that 
irrigation and precipitation caused this situation. 
 

Influence of TSS applications on CaCO3 
content of sandy loam soil is given in Table 11. 
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TABLE 11 
Influence of treated sewage sludge (TSS) applications on CaCO3 content of sandy loam soil 

(CaCO3 (%) Turkey:P≤ 0,01; P≤ 0,05) 
 

Applications Average of 
5 periods 

Soil sampling periods 
 

1 2 3 4 5 

Control 4.87 a1 4.47 a B2 4.76 b B 5.53 a A 4.49 a B 5.11 a AB ** 
Fertilizer 4.91 a 4.46 a B 4.88 ab AB 5.27 a A 4.75 a AB 5.17 a AB ** 

12.5 Mg.ha-1TSS 5.13 a 4.78 a B 5.15 ab AB 5.55 a A 4.77 a B 5.41 a AB ** 
25.0 Mg.ha-1TSS 5.11 a 4.80 a AB 5.17 ab AB 5.47 a A 4.64 a B 5.45 a A ** 
37.5 Mg.ha-1TSS 5.20 a 4.93 a AB 5.45 a A 5.47 a A 4.82 a B 5.34 a AB * 

    *         
Significant differences between treatments at ** P≤ 0,01 or * P≤ 0,05 level indicated by different letters. 1Small 
letter in column for applications, 2capital letter in row for periods. 
 
 

The increasing TSS rates were not 
significantly increased CaCO3 content of the 
average of 5 sampling periods of soil compared 
with the control. Also Delibacak et al. [45] 
determined that CaCO3 content were not 

significantly affected by the TSS levels in their 
research.Influence of TSS applications on cation 
exchange capasity (CEC) of sandy loam soil is 
given in Table 12. 

                                                                               
 

TABLE 12 
Influence of treated sewage sludge (TSS) applications on cation exchange capacity (CEC) of sandy loam 

soil (CEC (meq/100g) Turkey:P≤ 0,01) 
 

Applications Average of 
5 periods 

Soil sampling periods 
 

1 2 3 4 5 

Control 12.48 a1 10.96 a B2 11.32 a B 10.23 a B 16.67 a A 13.23 a B ** 
Fertilizer 12.36 a 10.50 a BC 11.86 a BC 9.96 a C 16.10 a A 13.40 a AB ** 

12.5 Mg.ha-1TSS 12.78 a 10.96 a BC 11.05 a BC 10.23 a C 17.77 a A 13.90 a B ** 
25.0 Mg.ha-1TSS 13.25 a 11.14 a B 11.59 a B 11.05 a B 18.50 a A 13.98 a B ** 
37.5 Mg.ha-1TSS 13.31 a 11.32 a BC 11.59 a BC 10.96 a C 18.52 a A 14.15 a B ** 

             
Significant differences between treatments at ** P≤ 0,01 level indicated by different letters. 1Small letter in 
column for applications, 2capital letter in row for periods. 
 
 

It was found that, there is no statistical 
relationship between TSS levels and CEC of soil in 
all periods. Ahmed et al. [46] determined that use 
of sewage sludge in soil showed higher nitrogen 
and phosphorus contents than the control soil, but a 
similar content of cation exchange capacity (CEC). 
On the other hand, Alcantara et al. [47] observed 
that the concentrations of phosphorus, nitrogen, 

sulfate, and CEC, organic carbon were positively 
correlated with sewage sludge dose applied to the 
soil.  

Influence of TSS applications on organic 
matter content of sandy loam soil is given in Table 
13. 
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TABLE 13 
Influence of treated sewage sludge (TSS) applications on organic matter (OM) content of sandy loam soil 

OM (%) Turkey:P≤ 0,01 
 

Applications Average of 
5 periods 

Soil sampling periods 
 

1 2 3 4 5 

Control 1.50 b1 1.84 b A2 1.40 b A 1.47 a A 1.40 a A 1.37 a A  
Fertilizer 1.58 b 2.27 ab A 1.46 ab B 1.41 a B 1.43 a B 1.33 a B ** 

12.5 Mg.ha-1TSS 1.67 ab 2.45 a A 1.51 ab B 1.55 a B 1.45 a B 1.39 a B ** 
25.0 Mg.ha-1TSS 1.95 a 2.81 a A 2.01 a B 1.83 a B 1.64 a B 1.45 a B ** 
37.5 Mg.ha-1TSS 1.95 a 2.82 a A 2.02 a B 1.83 a B 1.59 a B 1.46 a B ** 

 ** **  **         
Significant differences between treatments at ** P≤ 0,01 level indicated by different letters. 1Small letter in 
column for applications, 2capital letter in row for periods. 
 
 

Treatments of increasing TSS levels 
significantly increased OM content of soil samples 
in the first and second periods and average of 5 
periods. In the course of time, depending on 
decomposition of OM in soil, the effect of TSS 
levels on OM concentration in soil decreased 
especially in the last 3 periods. Analogously to our 
study, Delibacak et al. [45] found out an increase in 
the concentrations of OM in soil caused by 
increasing doses of sewage sludge introduced to 
soil. 
 
 

CONCLUSION  
 

Increasing TSS applications to sandy loam soil 
resulted in significantly increased total biomass and 
grain yield of corn according to the control. 
However, grain yield of second crop wheat did not 
significantly change with increasing TSS 
applications. It can be said that available nutrient 
concentrations in the soil decreased particularly for 
second crop wheat because of plant uptake of 
nutrients from the applied TSS in first vegetation 
period. On the other hand, increasing treated 
sewage sludge aplications were significiantly 
increased total N, plant available P and K, pH, total 
salt and organic matter content of sandy loam soil 
as average of 5 sampling periods . However, CaCO3 
and CEC values of soil did not change significantly 
as average of 5 sampling periods when compared 
with the control. In the course of time, effect of 
TSS levels on soil properties decreased particularly 
in the last periods due to decomposition of  TSS in 
soil. For this reason, it is recommended that 37.5 
Mg.ha-1 TSS as dry matter can be added once in 2 
years for improving plant nutrients and soil 
properties of sandy loam soil under Mediterranean 
climate, which are characterized by low OM 

content and high pH. Sewage sludge application to 
agricultural land has been a widely accepted 
practice during recent years. Its use in agricultural 
land is promoted because it is considered that it will 
solve not only the problem of disposal but also will 
increase productivity in agriculture. Further 
investigations are necessary to quantify the fertiliser 
replacement value of plant nutrients. In particular, 
accurately characterising the P fertiliser 
replacement value of sewage sludge will become an 
increasingly important issue for effective P 
recycling in agricultural production and food 
security in future as geological P reserves are 
depleted and P fertiliser costs increase. At levels 
above the agronomic recommended rate, however, 
the potential for negative externalities may be quite 
substantial. Monitoring the soil periodically for 
nutrient levels would be prudent to avoid any 
excess levels on N or other plant nutrient. More 
continuous long-term experiments are needed to 
improve the understanding of the effects of sewage 
sludge on soil fertility and crop yield to contribute 
to the development of sustainable agricultural 
practices. However, negative effects of sewage 
sludge such as elevated heavy metal levels resulting 
from the usage of sewage sludge must also be taken 
into consideration [48]. Sewage sludge containing 
pathogenic organisms should be handled and 
applied in a proper manner to reduce the risks to 
human and animal health. Finally, the application 
of TSS to soil must obey the limited regulations. 
After the analysis of sewage sludge and soil, a 
governmental permission is needed to apply them 
to agricultural lands in Turkey.  
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ABSTRACT 

 
Izmir is located on the Eastern Coast of the 

Aegean Sea in Turkey. In this study, it was aimed to 
determine the toxic metal resistance of bacterial 
isolates from coastal city sediments. Twenty-six 
isolates (Bacillus, Marinibacillus, Halobacillus) 
were identified and these strains were investigated 
in respect of the minimum inhibitory concentrations 
of metals, susceptibility of some antibiotics 
(Ampicillin, Tetracycline, Chloramphenicol, 
Tobramycin). The MICs of metals were different 
for each strain but the general order of resistance to 
the metals was found to be as 
Ni>Pb>Cu>Cr>Cd>Hg and the toxic effects of 
these metals increased with increasing 
concentration. Bacterial isolates were highly 
resistant to Ni (13 mM), Pb (6 mM). Additionally, it 
was found that the  

strains were resistant to Ampicillin. The 
highest concentrations of metals were found in the 
sediments of the inner part of the Bay, which is 
intensely industrialized compared to the middle and 
outer parts of the Bay. This study and several other 
studies suggest that sediment bacteria in an area 
polluted with heavy metal can be biological 
indicators. 

 
KEYWORDS:  
Heavy metals, toxicity, bioindicators, metal resistance, 
Bacillus, Aegean Sea 

 
 
INTRODUCTION 

 
Various human activities such as industrial and 

domestic wastes and agricultural inputs cause 
contaminants enter aquatic environments. These 

contaminants disrupting the natural balance are 
industrial wastes, petrol derivatives, pesticides, 
artificial agricultural chemicals, detergents, 
radioactive substances, inorganic salts, organic 
substances etc. Heavy metals in industrial wastes 
and some pesticides may become a threat to the 
ecological balance. Entrance of metals to aquatic 
environments may occur by natural or human 
resources. These inputs result from atmospheric 
transport, mining applications, usage of fossil fuel, 
veterinary drugs, discharge of urban and industrial 
wastes, and vessel applications. Heavy metals in 
marine environments may be found in dissolved 
(free ions, compound ions etc.) or solid phase 
(colloid form, adsorbed on particle surfaces, in 
mineral matrix), inorganic or organic forms [1, 2, 3, 
4]. Metals might be accumulated by aquatic 
organisms and be highly toxic even at low levels. 
Metal pollution has toxic effects on organisms at 
biochemical, cellular, population and community 
levels. Sediment is a significant accumulation area 
for heavy metals and therefore, it is used to 
determine the level of metal pollution in aquatic 
environments [5]. However, sediment is also a 
significant living and feeding ground for various 
organisms. Heavy metals lead to problems by 
accumulating in sediments instead of water colon. 
Thus, bacteria in sediment adapt to the environment 
in terms of survival and transfer characteristics and 
gain resistance. In other words, they are able to 
tolerate high concentration of heavy metals. If there 
are heavy metals in the sediment, microorganisms 
affect the catabolism of organic chemicals and 
ecology of the environment. As a result, 
microorganisms develop various mechanisms in 
order to tolerate the metals. These mechanisms 
include converting into volatile form, extracellular 
precipitation, adsorbing cell surface, and 
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intercellular accumulation. Also, bacteria perform 
chemical transformations of these metals. Heavy 
metal resistant microorganisms may be used in 
genetic transfer studies of the heavy metal 
resistance mechanism [6]. They may also be used as 
indicators of potential toxicity for other viable 
forms [7]. Heavy metals have a significant role as 
selective agents in the evolution of microbial 
communities [8]. Briefly, microorganisms have a 
significant role in biogeochemical cycles of metals 
and they can be used for bio-regeneration in 
polluted environments [9, 10]. However, correlation 
is frequently observed in antibiotic resistance 
besides metal resistance because resistance genes in 
chromosome or plasmid are close to each other. 
Increases in antibiotic resistance lead to problems in 
the treatment of infectious diseases worldwide. 
Therefore, it is needed to be careful when 
pesticides, antimicrobials containing metals and 
antibiotics entering the environment are used [11, 
12]. Thus, biological accumulation and 
bioavailability potentials of heavy metals in aquatic 
environments are becoming a matter of concern 
globally. Screening of heavy metal resistance 
patterns of bacteria and heavy metal contamination 
in areas with industrial input such as bay are 
important for the identification of metal effects on 
the location of flora and fauna in that area and their 
survival [8].  

In this study, heavy metal resistant bacteria 
species in sediment samples collected from the 
harbor and other areas of Izmir Bay which were 
intensely polluted were investigated and heavy 
metals in the sediment were measured.  

 
 
 
 

 
MATERIALS AND METHODS 
 

Study Area. Izmir Bay is one of the biggest 
bays in the Mediterranean Sea with totally 200 km2 
areas and 11.5 billion m3 water capacity profoundly 
inserted to Anatolia coasts of Aegean Sea. Izmir, a 
significant city of commerce, industry and harbor, 
is the biggest residential area with approximately 
88000 ha areas surrounding the bay. Izmir Bay has 
been polluted since 1960 due to the 
disemboguement of unrefined domestic and 
industrial waste waters directly to the bay as a 
result of increases in population and the number of 
industrial foundations. This pollution became 
worse in early 2000s. Especially intensive harbor 
activities inside the bay and pollution due to 
domestic and industrial wastes became rampant and 
ecological balance was disrupted difficult to fix. 
Pollution was taken under control by Cigli Waste 
Water Treatment Plant becoming a part of activity 
in 2000 and recovering in the bay has been 
observed until now. Izmir Bay is divided into 3 
main groups as inner, middle and outer bay due to 
its hydrological and ecological features. The outer 
bay is the area between Karaburun peninsula and 
Gediz delta which extends in the northwest-
southeast direction and has the larger and deeper 
part is. The length of the external gulf is 45 km 
while its width is about 24 km. The depth of the 
external bay ranges between 45m and 70m. The 
middle bay starts from the southeast part of the 
external bay, extends in the west-east direction to 
the inner bay. The total length of this area is 38 km 
while its width is 20 km in west and becomes 
narrower to east [13, 14]. 
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FIGURE 1 

Sampling station of Izmir Bay 
 
 
Analysis of Heavy Metals in Surface 

Sediments. The surface sediment samples were 
collected using by Van-Veen grab for heavy metals 
from 5 sampling stations as part of a cruise of the 
R/V K. Piri Reis in 2011 (Fig. 1). Immediately after 
their collection, the samples were placed in acid 
cleaned polyethylene bottles and were kept frozen at 
–20oC until analysis. Samples of the surface 
sediment were freeze-dried then sieved to pass a 63 
µm sieve and homogenized. Later, triplicate 
samples were digested in a microwave digestion 
system (Milestone 1200) with acid mixture 
solutions [15, 16, 17, 18]. A Varian Spectra Model 
AA280FS and AA280 Zeeman atomic absorption 
spectrophotometer (AAS) were used for the analysis 
of heavy metals. The Hg measurements were 
performed by using cold vapour atomic absorption 
technique. The concentrations of Pb, Cr, Cu, Mn, 
Ni, Zn and Fe in the sediment were measured by 
flame atomization (air-acetylene flame). Also, Cd 
levels were detected by graphite furnace with AAS. 
The detection limits for heavy metals are Hg: 0.05 
gkg-1, Cd: 0.10 gkg-1, Pb: 0.10 mgkg-1, Cr: 0.06 
mgkg-1, Cu: 0.03 mg kg-1, Zn: 0.01 mg kg-1, Mn: 
0.02 mgkg-1, Ni:0.10 mgkg-1, Fe: 0.06 mgkg-1. 
Intercalibration sediment (IAEA-433) samples 
(from the International Laboratory of Marine 
Radioactivity, IAEA) were used as a control for the 
analytical methods. The values obtained (in mg kg-1 
dry wt) for the analysis of six replicates of this 

sample (certified: observed values in mg kg-1 dry 
weight ± standard deviation) were as follows: Hg, 
0.168 ± 0.017: 0.168 ± 0.00; Cd, 0.153 ± 0.033: 
0.140 ± 0.025; Pb, 26.0 ± 2.7: 27.0 ± 3.1; Cr, 136 ± 
10.0: 136.7 ± 2.0; Cu, 30.8 ± 2.6: 30.8 ± 2.3; Zn, 
101 ± 8.0: 101.1 ± 1.9; Ni:39.4±3.1; 39.4±0.27. 

 
Bacteriological Analysis of Surface 

Sediments. Surface sediment samples obtained 
from five various points by Van-Veen grab (Fig. 1) 
were transferred to the laboratory at +4ºC in sterile 
falcon tubes, and isolation and identification of the 
microorganisms were performed for 
microbiological analyses. Sediment samples were 
diluted to 10-7 and inoculated onto the plates 
containing Zobell Marine Agar by the spread plate 
method and incubated at 26ºC for 3-4 days. 
Approximately 50 bacterial colonies were selected 
but 26 of these colonies were stored by inoculating 
pure colonies for further identification. 16S rDNA 
based molecular analyses were performed to 
identify bacteria species. For this purpose, genomic 
DNAs of bacteria were obtained by Genomic DNA 
Isolation Kit (Zymo Research, USA) and their 16S 
rRNAs were amplified by PCR using conventional 
bacterial primers (27F and 1522R). For this test, the 
Fast Start Taq DNA Polymerase dNTPack Kit 
(Roche, Germany) was used. Primers were 0.2M 
and template DNA was 10 ng, and the PCR protocol 
was performed 30 cycles (first cycle at 95ºC for 5 
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min, denaturation at 95ºC for 55 s, annealing at 
52ºC for 40 s, elongation at 72ºC for 1.5 min, and 
final elongation step at 72ºC for 7 min) [6, 17, 18]. 
The DNA sequence analyses of purified PCR 
products were performed using automatic sequencer 
ABI Prism 3100 from REFGEN Biotechnology 
(Turkey).After the sequence results were checked 
by Chimera program, accession numbers to gene 
bank numbers were taken by comparing data base in 
which genes are found 
(http://www.ncbi.nlm.nih.gov) by Blast program. 
Phylogenetic tree of the species were generated by 
using the MEGA 6 program [21, 22]. 

The minimum Inhibition Concentration (MIC) 
analysis was performed in order to determine the 
resistance that the bacterial isolates whose species 
were identified showed to heavy metals. Thus, 
heavy metals such as Hg, Cr, Cu, Ni, Pb, Cd were 
tested. Stock solution of the metals were sterilized 
by 0.2 µm membrane filtering and then added into 
Mueller Hinton Agar  

(Difco, USA) medium at various 
concentrations ranging between 0.01 and 15.0 
(mM). After the bacteria were inoculated into the 
mediums containing heavy metals, the plates were 
incubated at 26ºC for 24-48 hours and minimum 
concentration in which no growth was observed was 
determined [19, 23].Besides heavy metal resistance 
analyses, antibiotic resistance of the bacteria was 
also determined by the disc diffusion method using 
Mueller Hinton Agar medium. In this analysis, 4 
different antibiotics were used: Ampicillin (AM, 10 
µg), Chloramphenicol (C, 30 µg), Tetracycline (TE, 
30 µg) and Tobramysine (TM, 10 µg) (Bioanalyse, 
Turkey). After the bacteria were cultured for 24h, 
0.1 ml was inoculated into Mueller Hinton Agar. 
After 1 h incubation at 26ºC, the antibiotic discs 
were placed on the agar and the plates were 
incubated again at 26ºC for 24-48 hours. The results 
were evaluated as resistant or sensitive according to 
inhibition zone diameter measurements [12, 19, 23]. 

 
 

 

TABLE 1 
The mean ± SD values of metals in sediments from Izmir Bay (mg kg-1 dry wt.) and background 

values. 
 

Station Hg    Cd   Pb   Cr   Cu   Zn  Mn   Ni   Fe 
K1 0.59± 

0.06 
0.17± 
0.01 

47.9± 
0.43 

116± 
1.66 

46.8± 
0.71 

159± 
3.78 

456± 
0.89 

76.4± 
1.08 

16190± 
839 

K2 7.04± 
0.15 

0.21± 
0.01 

52.3± 
1.70 

168± 
1.52 

72.3± 
0.60 

278± 
1.71 

442± 
0.84 

65.8± 
3.49 

31922± 
1015 

K3 0.40± 
0.01 

0.18± 
0.002 

50.4± 
1.40 

114± 
3.13 

54.4± 
0.39 

193± 
1.91 

481± 
4.33 

125± 
0.55 

40133± 
14.1 

K4 0.19± 
0.014 

0.07± 
0.01 

20.3± 
1.29 

140± 
6.00 

23.4± 
0.56 

101± 
1.53 

314± 
5.04 

74.2± 
1.08 

29035± 
609 

K5 0.28± 
0.01 

0.13± 
0.01 

13.3± 
0.88 

122± 
5.16 

22.6± 
0.29 

77.4± 
2.15 

649± 
11.5 

98.2± 
0.13 

35698± 
419 

  Backgr.      
values(a) 

0.40 0.30 20 90 45 95 850 68 47000 

  Mediter    
Backgrd(b 

0.34 0.10-2.3 25 15 15 50    

a Turekian and Wedepohl[36] b UNEP [37], Whitehead et al.[38] and MAP [39] 
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TABLE 2 
The enrichment factors of heavy metals in sediments from Izmir Bay 

Station Hg Cd Pb Cr Cu Zn Mn Ni 
K      1 4.29± 

0.39 
1.60± 
0.14 

6.97± 
0.45 

3.74± 
0.13 

3.04± 
0.21 

4.89± 
0.41 

1.56± 
0.09 

3.29± 
0.18 

K      2 26.0± 
0.39 

0.98± 
0.04 

3.91± 
0.02 

2.73± 
0.07 

2.38± 
0.09 

4.31± 
0.17 

0.77± 
0.02 

1.42± 
0.06 

K      3 1.16± 
0.04 

0.72± 
0.01 

2.99± 
0.07 

1.47± 
0.05 

1.42± 
0.01 

2.37± 
0.02 

0.66± 
0.01 

2.16± 
0.04 

K      4 0.75± 
0.07 

0.32± 
0.07 

1.59± 
0.12 

2.48± 
0.17 

0.85± 
0.01 

1.74± 
0.03 

0.60± 
0.00 

1.78± 
0.04 

K      5 0.91± 
0.01 

0.41± 
0.00 

1.16± 
0.07 

1.67± 
0.05 

0.28± 
0.01 

0.64± 
0.03 

0.52± 
0.01 

1.45± 
0.03 

 
 
RESULTS AND DISCUSSION 

 
Concentrations of Heavy Metals in 

Surface Sediments. The means of heavy 
metals concentrations in sediment from Izmir 
Bay and background levels were presented in 
Table 1. The comparison of the metal 
concentrations with background values 
revealed that the stations K1, K2 and K3 
(Harbour) in the Inner Bay were polluted with 
Hg, Pb and Cu. Additionally, Cu levels at K4 
and K5 were higher than these background 
levels. The values of Cr and Ni were generally 
higher than those for background levels in all 
sampling stations (except K2 for Ni). 
Although the concentrations of Zn in sampling 
stations (except the station K5) were detected 
to be higher than those at background levels, 
this metal level detected at K5 was higher than 
those in the Mediterranean. On the contrary, 
Cd, Mn and Fe concentrations were lower 
than these values (Table 1). The metal 
enrichment factor (EF) is utilized as an index 
to evaluate anthropogenic influences of metals 
in sediments. The EF is generally defined that 
ratio of the observed metal to conservative 
elements (Fe or Al). Al and Fe are the main 
components of the elements in sediments, and 
they are not affected by contaminants. The 
mean heavy metal enrichment factors of the 
sediments in Izmir Bay are given in Table 2. 
While EF values between 0.5 and 1.5 indicate 
that the heavy metals originate from the earth's 
crust, EF values > 1.5 indicate that the heavy 
metals have anthropogenic pollution origin 

[24]. According to the enrichment index, 
enrichment values of Cd and Mn were less 
than 1.5 in all the stations except for the 
station K1. Pb, Cr and Ni enrichment values 
were greater than 1.5 in all the stations. 
Conversely, the maximum enrichment of Hg, 
Pb, Cu and Zn existed at stations K1, K2 and 
K3 in the Inner Bay. Besides, Hg, Pb, Cr, Zn 
and Ni were generally enriched. It means that 
a significant portion of Hg, Cr, Zn, Ni and Pb 
were provided by anthropogenic sources.The 
comparison of bibliographical data on metal 
concentrations of sediments from various 
regions of the Mediterranean and Aegean Sea 
was given in Table 3.In this study, the 
concentrations of Cd were found relatively 
higher than those found in other studies except 
the conducted on Venice [25], Izmit [26] and 
Izmir Bay [27, 28], while Hg values were 
higher than those determined in all the other 
areas. Generally, the Pb, Cr and Mn contents 
of the sediments were lower compared to 
those obtained in other areas (Table 2). The 
Pb, Cr, and Zn pollution at all the sampling 
areas and Hg, Pb, Cr, Cu, Ni and Zn pollution 
at K1, K2 and K3 are anthropogenic sources. 
In the past various studies were conducted 
measure the heavy metals pollution in the 
sediments of Izmir Bay (Table 3). The highest 
Cd, Pb, Cr and Cu values were determined as 
0.82, 119, 316 and 109 mg kg-1, respectively 
[27]. In another study by Bergin et al. [29] in 
Izmir Bay, the highest Ni concentration was 
found as 157 mg kg-1. The Gediz River 
usually transports high concentrations of 
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metals due to the inputs of textile, pigment, 
metal plating, beverage and paper factories 
and domestic wastes to the bay. The Inner Bay 
generally was polluted by beer industries, 
antifouling paints, iron, paper, chlorine–alkali 
plants, cement factories, and intense harbor 
activities.In addition, the streams and 
hundreds of small domestic discharge outlets 
flow into the Inner Bay. Until the municipal 
treatment system was introduced in 2000, 

domestic and industrial wastes were 
discharged into the Izmir Bay without 
treatment. Consequently, in the Izmir Bay, the 
sediment which was continuously in contact 
with water was intensely polluted.  

 
 
 
 

                                                                                     
 

TABLE 3 
Metal concentrations (mg kg-1, dry weight) in surface sediments in various coastal ecosystems 

 
 
 

Hg Cd Pb Cr Cu Mn Ni Zn Reference 

This study 0.17-
7.21 

0.05-0.22 17.0-54.0 110-169 8.26-
72.8 

309-485 62-126 45-280  

Izmir Bay  0.05-1.3 0.01-0.82 3.10-119 19-316 2.2-109 14-412 - -          [14] 
Izmir Bay - 0.13-0.42 5.0-62.0 64-300 12-70 74-586 29-148 23-260          [28] 
Izmir Bay 0.05-

0.39 
0.01-0.14 14.0-69.0 40-165 2.6-50 227-777 25-157 20-249          [29] 

Saros Gulf 0.07-
0.19 

0.01-0.04 3.9-48.2 18.8-216 12-42 351-
4718 

47-152 49-117          [40] 

Gökova Gulf 0.07-
0.17 

0.01-0.05 10-21.8 63-332 10-41.1 399-963 283-426 48-91          [40] 

Marmara Sea 0.04-3.0 - 10-85 11-654 3.0-107 100-
2610 

8.0-
1731 

33-410          [41] 

Izmit Bay - 3.3-8.9 24-178 58-116 61-139 - 38-71 510-
1190 

         [26] 

Aeagean Sea 0.01-
0.08 

0.003-
0.05 

1.75-51 22-163 3.2-32 - - 8.9-84          [42] 

Taranto Bay 0.09-
0.41 

- 44.74.8 77.1-
102.8 

42.4-
52.3 

552-
2826 

47.9-61 87-129          [43] 

Northern 
Aeagean Sea 

- - 10-218 7-172 19-165 - - 74-358          [44] 

Northern 
Aeagean Sea 

- - 131-2233 213-364 51-206 - - 159-927          [45] 

Venice 0.7-1.6 0.59-3.1 19-56 28-107 12-51 222-379 11-50 71-433          [25] 
 
 
Heavy Metal Resistant-Bacteria. Of the 

isolates obtained from surface sediments of five 
sampling stations (K1, K2, K3, K4 and K5) in Izmir 
Bay, 26 were identified. Phylogenetic analysis using 
16S rDNA indicated that the 26 sediment strains 
belong to genus Bacillus, Halobacillus and 
Marinibacillus (Bacillus aquimaris K3-5, B. 
baekryungensis K1-7, B. cereus K3-4, Bacillus 
endophyticus K4-12, B. firmus K3-12, B. 
halmapalus K4-2, B. indicus K1-5, B. marisflavi 
K4-4, B. megaterium K3-11, B. pumilus K4-5, B. 

safensis K4-13, B. simplex strain K2-6, B. simplex 
K3-7, B. simplex K1-4, B. simplex K1-6, B. simplex 
K2-2, B. simplex K3-2, B. simplex K5-2, B. simplex 
K5-3, Bacillus sp. K4-10, Bacillus sp. K1-8, B. 
subtilis K3-9, B. subtilis K4-7, B. subtilis K4-11, 
Halobacillus campisialis K5-5, Marinibacillus 
campisalis K4-3) reported in this article were 
submitted to GenBank and assigned the accession 
numbers KJ161398 - KJ161424, respectively. 
Minimum inhibitory concentrations of heavy metals 
are shown in Table 4.  
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.  

 Bacillus simplex KC503978

 Bacillus simplex K5-2 KJ161415

 Bacillus simplex K2-2 KJ161413

 Bacillus simplex JX144721

 Bacillus simplex K3-7 KJ161410

 Bacillus simplex K1-4 KJ161411

 Bacillus simplex K5-3 KJ161416

 Bacillus simplex. K3-2 KJ161414

 Bacillus simplex K2-6 KJ161409

 Bacillus simplex AY833099

 Bacillus simplex K1-6 KJ161412

 Bacillus megaterium K3-11 KJ161406

 Bacillus megaterium KC692200

 Bacillus firmus K3-12 KJ161402

 Bacillus firmus KC774008

 Bacillus marisflavi K4-4 KJ161405

 Bacillus marisflavi KF443806

 Bacillus vietnamensis DT10 16 JF411279

 Bacillus aquimaris KC920913

 Bacillus aquimaris K3-5 KJ161398

 Bacillus aquimaris KC443105

 Bacillus halmapalus K4-2 KJ161403

 Bacillus halmapalus KC844796

 Bacillus sp K4-10 KJ161417

 Bacillus sp. JX103463

 Bacillus thuringiensis KF475809

 Bacillus cereus K3-4 KJ161400

 Bacillus cereus EU855216

 Marinibacillus campisalis K4-3 KJ161424

 Marinibacillus campisalis NR 025716

 Bacillus indicus K1-5 KJ161404

 Bacillus indicus JF895483

 Bacillus pumilus K4-5 KJ161407

 Bacillus safensis K4-13 KJ161408

 Bacillus pumilus KC996724

 Bacillus safensis KF010796

 Bacillus subtilis K3-9 KJ161419

 Bacillus subtilis KF386261

 Bacillus sp. K1-8 KJ161418

 Bacillus subtilis K4-11 KJ161421

 Bacillus subtilis K4-7 KJ161420

 Bacillus subtilis KF475879

 Bacillus sp. EU082292

 Bacillus subtilis HQ443223

 Bacillus endophyticus K4-12 KJ161401

 Bacillus endophyticus HM753612

 Bacillus baekryungensis K1-7 KJ161399

 Bacillus baekryungensis KF042036

 Halobacillus campisialis K5-5 KJ161423

 Halobacillus campisalis NR 044247

 E.coli ATCC 11775T X80725

100

100

100

100

100

100

100

100

98

100

97

63

63

100

59

55

85

47

100

96

100

70
99

99

50

84

97

33

57

92

26

29

20

50

46

52

96

100
63

77

56

0.02
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                                                                               FIGURE2 
                                       The dendogram of isolates based on 16s rRNA genes  
 
 
                                                                              TABLE 4  
                              MIC concentrations of sediment isolates against heavy metals 
 

Isolates Heavy Metals (mM) 

Hg Cd Ni Cr Cu Pb 
Marinibacillus campisalis K4-3 0.01 0.6 4 0.8 1 4 
B. simplex K1-6 0.01 0.2 11 2 2 2 
B. megaterium K3-11 0.01 0.2 8 2 2 2 
B. halmapalus K4-2 0.01 0.4 4 0.8 0.8 2 
Bacillus sp. K4-10 0.02 1.0 8 2 2 6 
B. marisflavi K4-4 0.01 0.2 6 2 2 4 
Bacillus sp. K1-8 0.01 0.2 13 2 2 4 
B. simplex K3-2 0.01 0.08 10 0.8 2 4 
B. pumilus K4-5 0.01 0.1 10 2 2 6 
B. indicus K1-5 0.01 0.2 2 2 2 2 
B. simplex K2-2 0.01 0.08 8 0.8 2 2 
B. subtilis K4-11 0.01 0.04 8 2 2 4 
B. aquimaris K3-5 0.04 2.0 10 2 2 4 
B. firmus K3-12 0.01 0.04 2 2 2 2 
B. simplex K2-6 0.01 0.06 6 2 2 4 
B. simplex K5-2 0.01 0.2 10 0.8 2 2 
B. subtilis K4-7 0.01 0.2 13 2 2 4 
B. safensis K4-13 0.01 1.0 2 2 2 4 
B. simplex K1-4 0.01 0.2 10 2 2 4 
B. simplex K3-7 0.01 0.2 6 2 2 2 
B. subtilis K3-9  0.01 0.1 6 2 2 4 
B. endophyticus K4-12 0.01 0.1 8 2 2 6 
Halobacillus campisialis K5-5 0.01 0.2 4 2 2 4 
B. simplex K5-3 0.01 0.1 10 2 2 2 
B. cereus K3-4 0.01 0.4 10 0.4 2 4 
B. baekryungensis K1-7 0.01 0.2 8 2 2 2 

 
 
Sediment isolates showed higher tolerance to 

Ni and Pb. The highest resistance to nickel was in 
Bacillus sp. K1-8 and B. subtilis K4-7 isolates with 
13 mM concentration. Resistance to lead was found 
in Bacillus sp. K4-10, B. pumilus K4-5, B. 
endophyticus K4-12 with concentration of 6 mM. 
The highest resistance values for copper, chrome 
and cadmium were determined as 2 mM. Mercury 
was the most toxic metal for all of the isolates and it 
had the lowest inhibition concentration. Among the 
antibiotic resistance analyses working by the same 

mechanism as heavy metal resistance, the highest 
resistance was commonly detected to Ampicillin 
(Table 5). 
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TABLE 5 
Antibiotic resistance of sediments isolated (mm) 

 
Isolates Antibiotics 

Chloramphenicol 
(30µg) 

Tetracycline 
(30µg) 

Ampicillin 
(10µg) 

Tobramycin 
(10µg) 

Marinibacillus campisalis K4-3 24 22 16 - 
B. simplex K1-6 22 18 10 24 
B. megaterium K3-11 34 22 16 20 
B. halmapalus K4-2 30 22 20 10 
Bacillus sp. K4-10 20 8 14 13 
B. marisflavi K4-4 40 18 22 18 
Bacillus sp. K1-8 35 18 18 26 
B. simplex K3-2 22 18 8 26 
B. pumilus K4-5 23 16 8 20 
B. indicus K1-5 32 22 14 18 
B. simplex K2-2 16 18 10 22 
B. subtilis K4-11 18 20 - 18 
B. aquimaris K3-5 32 20 22 20 
B. firmus K3-12 38 24 12 28 
B. simplex K2-6 22 20 - 22 
B. simplex K5-2 18 20 8 25 
B. subtilis K4-7 36 20 20 26 
B. safensis K4-13 - 16 8 18 
B. simplex K1-4 20 20 12 22 
B. simplex K3-7 18 20 8 24 
B. subtilis K3-9  30 - 13 26 
B. endophyticus K4-12 16 21 18 28 
Halobacillus campisialis K5-5 38 26 30 22 
B. simplex K5-3 18 22 10 22 
B. cereus K3-4 36 22 22 24 
B. baekryungensis K1-7 32 20 13 19 

 
 
Most of the bacterial isolates were determined 

to be sensitive to Chloramphenicol.  
According to the similar studies, the areas 

taking various anthropogenic inputs have a natural 
reservoir role for bacterial strains with poly-
resistance. The most common bacteria in areas 
polluted with heavy metals were the members of 
heterotrophic Bacillus genus [8, 30, 31]. 
Zolgharnein et al. [32] determined that bacteria 
isolated from aquatic environments near industrial 
areas live in 0.5-1.0 mM metal concentrations (i.e; 
Zn, Cu, Pb ve Cd). In another study, it was shown 
that heavy metal and antibiotic resistance were 
related to each other [23, 30, 31]. In a study by 
Nithya et al. [8] in India Palk Gulf, it was 
determined that Co, Cd, Pb, Hg, As and Se resistant 
bacteria were B. arsenicus, B. pumilus, B. indicus, 
B. clausii after molecular analysis and it was 
revealed that these sediment bacteria might be 
biological indicators of heavy metal contamination. 
Kamala-Kaanan and Lee [31] identified that 

Bacillus species isolated from sediments in 
Sunchan Bay (South Korea) showed maximum 
resistance to Mn and Ampicillin, Tetracycline, 
Kanamycin and Streptomycin. In a study performed 
in Izmit Bay in Turkey Gul-Seker and Mater [30] 
identified that bacteria species resistant to Cu, Cd, 
Cr, Chloramphenicol and Ampicillin were the 
members of Acinetobacter and Bacillus genus. 
Another study in Turkey was performed in 
Iskenderun Bay which was industrially polluted. In 
that study, metal toxicity of the isolates was 
determined as Cd>Cu>Cr>Pb>Mn and that they 
reported to have high resistance to Ampicillin, 
Streptomycin and Cefazolin [23]. Bacteria can 
adapt to the environment by developing tolerance 
mechanism to heavy metals due to lateral gene 
transfer between bacterial populations and plasmid 
resources [33, 34]. Aquatic environments are of 
interest to all stakeholders in terms of their users 
and their contribution to socioeconomic 
development. These areas are under pressure 
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regarding coastal infrastructures, pollution, direct 
exploitation, biological resources and marine 
biodiversity [35]. Therefore, biological 
accumulation of heavy metals in aquatic 
environments and their bioavailibility potential are 
becoming a matter of concern globally [8, 31]. The 
identification of species with poly-resistance to 
especially heavy metals and antibiotics may 
indicate that these coastal areas may have problems, 
which may pose a risk for humans and animals. 
Thus, further investigations are needed. 
 
 

CONCLUSION 
 

When the average threshold values were 
compared to Mediterranean background levels, Hg, 
Pb and Cu concentrations were high in sediments in 
the Harbor area stations. Besides, Cr and Ni levels 
were higher than these levels in all of the stations. 
According to the enrichment index, Pb, Cr, Ni 
enrichments were observed in all of the stations. 
However, Hg, Cu and Zn enrichment was 
determined in the Harbor area stations. According 
to this information, Pb, Cr and Ni pollution in all of 
the Bay area and Hg, Cu and Zn pollution in the 
Harbor area were anthropogenic. In this study, the 
members of Bacillus genus were shown to be 
dominant among the bacteria isolated from Izmir 
Bay sediments. When we consider Pb, Cr and Ni 
enrichment, each isolate was resistant at different 
concentrations due to their heavy metal resistance 
but it was determined that generally resistance was 
as Ni>Pb>Cu>Cr>Cd>Hg. It was determined that 
the most toxic metal for bacteria was Hg. In this 
study, it was observed that the highest resistance 
was to Ampicillin as in most of the studies 
considering heavy metal and antibiotic resistance 
mechanisms are similar. These results showed that 
the identified bacteria are able to survive in 
sediments polluted by heavy metals. While most of 
the bacteria are sensitive to even low concentrations 
of metals under specific conditions, they can adapt 
to their environment quickly and develop resistance 
to metals. For this reason, it is considered that these 
bacteria may be suitable indicators for the 
identification of heavy metal potential toxicity in 
coastal areas polluted with metal and they can be 
also designed for bioremediation applications by 
further investigations. 
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ABSTRACT 

 
An anoxic/oxic membrane bioreactor (MBR) system 

was developed and operated for 8 runs during 236 days 
operation for concentrated cold-rolling wastewater 
(CRW) from reverse osmosis (RO) process in a steel 
manufacturing company. The trans-membrane pressure 
(TMP) variation demonstrated that MBR was feasible for 
RO concentrated water treatment. Total nitrogen (TN) 
removal efficiency of 97.7 % and chemical oxygen 
demand (COD) removal efficiency of 96.0 % were 
obtained. Mixed liquor suspended solids (MLSS), mixed 
liquor volatile suspended solids (MLVSS) and sludge 
particle size distribution showed that high salinity in 
CRW could decrease the ratio of MLVSS and MLSS, and 
reduce the particle size of activated sludge. The results of 
high-throughput 454 pyrosequencing indicated that 
microbial communities in MBR system for RO 
concentrated water treatment were significantly distinct. 
Thauera was the dominant genus in MBR system and it 
could be able to degrade aromatic matters which are 
commonly found in steel industrial wastewater. 

 
KEYWORDS:  
Membrane bioreactor (MBR); cold-rolling wastewater (CRW); 
reverse osmosis (RO) concentrated water; industrial wastewater 
treatment; activated sludge 

 
 
INTRODUCTION 

 
Steel manufacture is a water requirement industry, 

and at the same time a large amount of wastewater is 
discharged [1]. Cold rolling wastewater (CRW) generated 
from cold rolling process is very difficult for treatment. In 
the conventional treatment process, the most widely used 
methods are ultrafiltration (UF), gas-energy-management 
(GEM) and membrane bioreactor (MBR) [2-4]. 
Nevertheless, a large amount of wastewater can be 
regarded as the secondary water resource to recycle water, 
especially for water scarcity area. Reverse osmosis (RO) 
technology has been successfully used in seawater 
desalination [5]. RO membrane can allow water to pass 
through and simultaneously reject dissolved salts. By 

applying a pressure difference across the membrane, 
which is higher than the osmotic pressure of the feed 
water, fresh water is forced to permeate through the 
membrane [6]. Therefore, RO can achieve a high quality 
effluent. It was also applied for the treatment of 
wastewater from stainless steel manufacture due to its 
higher quality effluent [7, 8].  

However, the reverse osmosis technology can 
generate a portion of concentrated water, which contains 
salts and retained compounds, in which the concentrations 
are much higher than those in feed water [9]. Therefore, 
the reverse osmosis concentrated wastewater needs a 
suitable and environmentally friendly management 
strategy. Conventional biological treatment is strongly 
inhibited by salts [10]. MBR, as one of the most 
promising biological technologies, has a high sludge 
concentration and a strong ability to resist shock loads 
[11-14], which might facilitate the degradation of 
recalcitrant organic substances in concentrated CRW 
under high salt concentrations. For instance, MBR has 
been applied for leachate treatment which also contains 
lots of inorganic salts [15]. Under these circumstances, 
the use of MBR might offer a potential solution for the 
treatment of concentrated CRW from steel manufacturing 
company.  

This study developed an anoxic/oxic MBR system 
for CRW treatment from cold rolling process in a steel 
manufacturing company. The system performance and 
sludge characteristics were investigated under various 
operational conditions. High-throughput 454 
pyrosequencing was carried out to characterize the 
microbial communities in the system. 

 
 
MATERIALS AND METHODS 

 
Characteristics of RO concentrated water. The 

RO concentrated water was collected from the reverse 
osmosis reactor that was used to treat CRW in a steel 
manufacturing company in Shanghai, China. The main 
ions and their concentrations in RO concentrated water 
are shown in Table 1. The concentrations of metal ions 
were determined by an inductively coupled plasma 
spectrometer (720ES, Agilent, America), while anions 
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were determined using an ion chromatograph (ICS-5000, 
ThermoFisher, America). 

TABLE 1 
The main ions concentrations in RO concentrated water (n=5) 

Ions Concentrations 
(mg/L) Ions Concentrations 

(mg/L) 
Cl- 4640 ± 451 Mg 504 ± 62.7 
SO4

2- 1070 ± 126 Al 24.3 ± 5.2 
Na 2470 ± 261 Fe 5.2 ± 0.3 
Ca 2080 ± 190 Zn 11.4 ± 0.4 

FIGURE 1 
The schematic diagram of the reactor 

An anoxic/oxic-MBR reactor was used in this study 
and its schematic diagram is shown in Fig. 1. The 
effective size of anoxic tank-1, anoxic tank-2 and oxic 
tank were 12× 11 × 25, 13.5 × 20 × 25 and 20 × 14 × 25 
cm, respectively. Each anoxic tank was assembled with a 
blender to maintain the sludge mixture uniformity. Two 
microfiltration flat sheet membrane modules with a mean 
pore size of 0.2 μm were installed in oxic tank. The 
membrane module with an effective area of 8 × 10 cm2 
was purchased from Zizheng Co. Shanghai. Two 
perforated Plexiglas tubes were mounted below the 
membrane modules to supply oxygen for microbes and to 
maintain a cross-flow velocity (CFV) along membrane 
surfaces. 

Inoculation and operation conditions. The A/O-
MBR system was inoculated with activated sludge from 
Quyang municipal wastewater treatment plant in 
Shanghai, China. The initial mixed liquor suspended 
solids (MLSS) concentration was 4.8 g/L and the mixed 

liquor volatile suspended solids (MLVSS) concentration 
was 3.1g/L.After inoculation, wastewater was 
continuously pumped into the influent tank using a 
peristaltic pump (LangeCo., Baoding, China). Then the 
wastewater continuously passed through a non-return 
valve and flew into the anoxic tank and oxic tank, and 
was finally discharged through the membrane filtration 
using a peristaltic pump. An overflow tube was installed 
in the influent tank to control the water level of the 
reactor. Eight stages were carried out in this study and the 
conditions of all stages are summarized in Table 2. In 
order to maintain the sludge concentration of anoxic tank, 
about 300% of sludge recirculation ratio was adopted. 
The trans-membrane pressure (TMP) was monitored by a 
pressure gauge to indicate the anti-fouling performance of 
membranes. The water temperature was monitored by a 
temperature gauge.  

Reactor setup: 

Influent 
Tank 

Anoxic Tank-2 

Oxic Tank 
Sludge R

ecycleAnoxic Tank-1 

Anoxic 
Tank-1

Anoxic 
Tank-2 Oxic Tank 
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TABLE 2 
The flowchart of land use / land cover classification methodology. 

 
Runs Time (d) HRTO (h) HRTA (h) SRT (d) Flux (L/(m2·h)) COD : TN 
1 0~35 8.8 12.5 70 10 4:1 
2 36~49 8.8 12.5 70 10 5:1 
3 50~70 8.8 12.5 70 10 7:1 
4 71~101 8.8 12.5 70 10 5:1 
5 102~129 12.4 17.6 70 7 5:1 
6 130~141 12.4 17.6 70 7 6:1 
7 142~200 12.4 17.6 70 7 6:1 
8 201~237 12.4 17.6 47 7 6:1 

 
 
Analytical methods. Centrifugation-ultrasonication 

method was used to extract soluble microbial products 
(SMP) and extracellular polymeric substances (EPS) [16, 
17]. Then the three-dimensional excitation-emission 
matrix (EEM) fluorescence spectroscopy of SMP and 
EPS were measured using a luminescence spectrometry 
(F-4500 FL spectrophotometer, Hitachi, Japan) according 
to a previous study [18]. A scanning electron microscopy 
(SEM, XL-30, Philips, Netherlands) was used to 
characterize the morphology of initial and fouled 
membrane surface. The SEM coupled an energy- 
diffusive X-ray (EDX) analyzer (Phoenix, EDAX 
Incorporated, USA) was employed to determine the 
inorganic components on the fouled membrane surface. In 
order to characterize the sludge in different stages, 
particle size distribution (PSD) analysis was performed 
using a PSD analyzer (MS3000h, Malvern, English). 
Chemical oxygen demand (COD) and total nitrogen (TN) 
were assayed using APHA standard methods [19]. High-
throughput 454 pyrosequencing was carried out to 
characterize the microbial communities of system 
according to the methods described previously [20, 21]. 
The microbial samples were collected at the operation 
time of 200 day.  

The membrane filtration resistance can be expressed 
by Eq. (1) according to Darcy’s law. �� =  �� +  �� +  �� =  �����  × 36                       

where Rt is the total membrane resistance (m-1), Rm 
is the intrinsic resistance of membrane (m-1), RC is the 
cake layer resistance (m-1), RP is the pore-clogging 
resistance (m-1), J is the instantaneous flux (m3/(m2·h)), 
TMP is the trans-membrane pressure (Pa) and μ is the 
dynamic viscosity of permeate water (Pa·s). The method 
was also described in other previous studies [22, 23]. 

RESULTS AND DISCUSSION 
 

Membrane performance. The variations of TMP 
and water temperature in A/O-MBR system under 
different operational conditions are shown in Fig. 2. At 
the initial stage (0 ~ 35 d), the TMP increased rapidly, 
indicating that the membrane fouling was severe. The 
possible reason is that inoculation sludge collected from 
municipal wastewater treatment plant has not adapted to 
the RO concentrated water treatment. Temmerman also 
reported that upon salt addition, an increase in supernatant 
proteins and polysaccharides was observed as well as an 
increase in irreversible membrane fouling rate [24]. SMP 
and EPS are often considered important contributors to 
membrane fouling in MBR [25, 26]. Elevated salt 
concentrations may deteriorate sludge quality through 
deflocculation by disturbing the multivalent cation 
bridging among EPS [27, 28]. A decrease in sludge 
quality resulting from increased salt concentration leads 
to the worse sludge filterability and increased membrane 
fouling caused by the EPS that released into the bulk 
liquid [24]. However, after acclimation, membrane 
fouling rate significantly decreased, especially when the 
flux decreased (after run 4, Table 2), the duration of an 
operational cycle was further extended. After 185 days 
running, the time span of the operational cycle decreased, 
which might be resulted from the water temperature 
decrease. Lower water temperature leads to the increase 
of EPS, soluble chemical oxygen demand, 
polysaccharides and proteins in the supernatants, which 
can lead to the increase of membrane fouling rate [29]. 
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FIGURE 2 
Variation of TMP and water temperature in system under different operational conditions 

 
 
In order to examine the membrane fouling for RO 

concentrated water treatment, the SEM analyses of virgin 
and fouled membrane were carried out. Fig. 3 represents 
the SEM images of the virgin membrane (Fig. 3A) and 
the fouled membrane (Fig. 3B), respectively. As shown in 
Fig. 3, the virgin membrane surface was smooth, and no 
membrane fouling pollutants attached on it, while the 
fouled membrane surface was covered with an apparent 
fouling layer. Fig. 3B also exhibits that mineral crystal 
layer has attached on the membrane surface. Element 

analysis was further performed on the surface layer in 
order to identify the chemical components of the fouling 
layer by EDX analysis. The results showed that Ca and 
Mg were the main metal elements, which was consistent 
to the relatively high concentrations of Ca and Mg in RO 
concentrated water (Table 2). The biopolymers contain 
anion groups such as SO4

2-, CO3
2-, PO4

3- and OH-, and 
thus the cations such as Ca2+ and Mg2+ could be easily 
precipitated with these negative ions [26, 30]. 

 
 
 

 
 

FIGURE 3 
Representative SEM images of (A - left) the virgin membrane and (B - right) fouled membrane 

 
 
The resistance distribution in membrane filtration 

demonstrated that RC and RP accounted for 50.8% and 
33.1% of total filtration resistance, respectively. This 
indicated that the inorganic fouling layer caused severely 

irreversible membrane fouling. Furthermore, once the 
fouling layer was developed, it would become difficult to 
remove the layer from membrane surface by routine 
aeration or physical cleaning in this test. On the other 
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hand, the inorganic precipitation could couple the organic 
foulants to enhance the formation of fouling layer in 
MBR [26, 31]. Therefore, in order to reduce the 
membrane fouling caused by organic coupled inorganic 
fouling layer, the countermeasures for membrane cleaning 
should be developed, for instance, metal chelating agents 
and acid cleaning should be used in combination with 
oxidant cleaning [32, 33].  

Pollutants removal performance. COD and TN 
removals in the system were thoroughly investigated and 
the results are shown in Fig. 4. After run 1, the average 
effluent COD concentrations of run 2 and run3 were 28.2 

± 21.2 and 37.0 ± 19.8 mg/L, respectively (Fig. 4A). 
When the influent COD concentration increased, the 
average effluent COD concentration slightly increased to 
51.5 ± 25.5, as shown in run 4. Then, the average effluent 
COD concentrations reduced to less than 50 mg/L due to 
the extending of HRT in run 5, 6 and 7. Even when the 
influent COD was around 1190 ± 198 mg/L and the 
temperature was 12.8 ± 2.7 oC, the average effluent COD 
concentration maintained at 86.0 ± 48.0 mg/L in run 8. 
These indicated that the MBR system showed a good 
COD removal performance for RO concentrated water 
treatment. 

 
 
 

 

 
 

FIGURE 4 
COD (A) and TN (B) removals in the system 

 
 
It is noted that after acclimation, when the ratio of 

COD and TN increased from 5:1 to 7:1, the average 
effluent TN concentration reduced to 8.0 ± 10.8 mg/L 
from run 2 to run 3 (Fig. 4B). Under the ratio of COD and 

TN of 6:1, the effluent TN concentration reduced to 16.8 
± 13.8 mg/L from 30.8 ± 13.1 mg/L due to the extended 
HRT from run 4 to run 5. Then, when the ratio of COD 
and TN increased to 6:1, the effluent TN concentration 

     








































     








































by PSP Volume 25 – No. 1/ 2016, pages 67-77   Fresenius Environmental Bulletin    

72 
 

 

decreased to 4.9 ± 6.1 mg/L despite the influent TN 
concentration as high as 165 ± 23.1 mg/L in run 6. These 
demonstrated that the concentrated water did not inhibit 
the denitrification, which was also confirmed by Catarina 
that salinity did not regulate denitrification after 
acclimation [34]. 

Sludge characteristics. The MLSS, MLVSS and 
MLVSS/MLSS under different stages are illustrated in 
Fig. 5. The average value of MLSS was 3.72 g/L in run 1, 
indicating that the biomass growth was probably not 
occurring. After acclimation, the values of MLSS 
increased due to the increase of influent COD from run 2 

to run 4. At the same HRT and SRT conditions, the higher 
influent COD concentration could lead to a higher volume 
loading rate (VLR) for system, which in turn resulted in a 
higher biomass growth rate. A slightly lower MLSS 
(15.57 ± 3.87 g/L) was observed under a longer HRT in 
run 5 compared with 18.54 ± 4.32 g/L in run 4. However, 
at the same VLR, the MLSS was significantly increased 
to 31.16 g/L in run 6. It was interesting that MLVSS was 
only increased to 8.98 g/L in run 6 from 6.15 g/L in run 5. 
This probably indicated that a longer SRT was conductive 
to accumulation of inorganic matters during the long-term 
operation.  
 

 

 
 

FIGURE 5 
MLSS, MLVSS and MLVSS/MLSS evolution profiles under different stages 

 
 
It is worth noting that the ratio of MLVSS and 

MLSS was continuously declined from run 1 (0.66 ± 
0.08) to run 6 (0.29 ± 0.01). This probably attributed to 
the high salinity of RO concentrated water. The metal 
ions of Ca2+, Mg2+, Fe3+/Fe2+ and Al3+ contained in CRW 
could be easily precipitated with negative ions of SO4

2-, 
CO3

2-, PO4
3- and OH- contained in biopolymers, which 

could result in the accumulation of these metal ions in 
suspended liquor [29,33]. When the influent COD 
concentration was further increased in run 7, the MLSS, 
MLVSS and the ratio of MLVSS and MLSS were also 
increased. From run 7 to run 8, the SRT was decreased to 
47 from 70 d, and the MLSS was decreased to 23.13 g/L. 
However, the values of MLVSS were remained in the 
same level in run 7 and run 8. This demonstrated that a 

shorter SRT could alleviate the accumulation of inorganic 
matters in mixed liquor.  

The particle size distributions of the sludge at the 
startup and sludge obtained in run 4 and run 7 are shown 
in Fig. 6. The mean particle size was evaluated on the 
basis of volume of particles. As shown in Fig. 6, it is 
evident that the sludge particle size decreased obviously 
along with the operation time. The mean particle size of 
sludge at start-up was 87.1 μm, while this value was 
dropped to 75.7 μm in run 4 and to 46.2 μm in run 7, after 
operation time of 94 and 164 days, respectively. The 
possible reason was that deflocculation behavior caused 
by high salt concentrations could destroy the bioflocs, 
which resulted in the particle size reduction. Three-
dimensional EEM fluorescence spectra of SMP and EPS 
in MBR system are illustrated in Fig. 7.  
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FIGURE 6 
Particle size distribution of (A) sludge at start-up, (B) sludge in run 4 and (C) sludge in run 
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FIGURE 7 
EEM fluorescence spectra of (A) SMP and (B) EPS in MBR system 

The information about the chemical composition of 
SMP and EPS samples is displayed in EEM spectra in 
Fig. 7. According to the previous study, three main peaks 
could be identified from the fluorescence spectra 
including Peak A located at the excitation/emission 
wavelengths (Ex/Em) of 235-240/340-
355nm,PeakB(Ex/Em:280-285/320-335 nm) and Peak C 
(Ex/Em: 305-315/405-415 nm) [18]. Peak A and peak B 
have been reported to be associated with the aromatic 
protein-like substances and typtophan protein-like 
substances, respectively, while the fluorescence of peak C 
is related to humic acids and fulvic acids [18]. As shown 
in Fig. 7, all three peaks were observed in both SMP and 

EPS, indicating that protein-like substances and humic 
acids were the main substances in SMP and EPS. 
Specifically, in Fig.7B, the fluorescence intensity of peak 
B was much stronger compared with peak A and peak C, 
which demonstrated that typtophan protein-like 
substances were the major substances in EPS. These 
organic substances could cause irreversible fouling in 
particular in the presence of metal ions. Microbial 
community structure in MBR system:In order to 
understand the microbial community structure and 
composition in MBR system for RO concentrated water 
treatment, 454 high-throughput pyrosequencing was 
applied to analyze the 16S rRNA gene of bacteria.  
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FIGURE 8 
Relative abundance of microbial groups at genus level (Relative abundance is defined as the 
number of sequences affiliated with that taxon divided by the total number of sequences per 

sample (%). Genera of which relative abundance is less than 1.0 % in both samples are defined 
as “others”) 

The relative abundance of microbial groups 
obtained at anoxia tank (A-tank) and oxic tank (O-
tank) at genus level is illustrated in Fig. 8. In total, 
74 identified genera were observed in A-tank, while 
72 genera were obtained in O-tank. The genera 
accounted for about 61.9 % for A-tank and 64.4 % 
for O-tank were not identified at genus level. As 
shown in Fig. 8, Thauera was the dominant genus 
in both A-tank and O-tank, and its relative 
abundances were 17.3 and 18.5 %, respectively. 
However, the relative abundance of Thauera was 
only 2.7 % in a MBR with same inoculation for 
artificial wastewater treatment [20]. This 
demonstrated that microbial communities in MBR 
for RO concentrated water treatment from CRW 
were significantly distinct from the artificial 
wastewater treatment [20]. Thauera is commonly 
found in activated sludge for industrial wastewater 
treatment due to its ability in degradation of 
aromatic matters. For example, Mao isolated three 
Thauera strains from a coking wastewater treatment 
bioreactor that could degrade phenol, methylphenol 
and indole [35]. Liu found that Thauera might play 
an important role for quinoline removal [36]. 
Thauera have been reported to be able to use 3,4-
dihydroxybenzoic acid, 4-hydroxycinnamic acid (p-
coumaric acid), 4-hydroxy-3-methoxycinnamic acid 
(ferulic acid), 3,4-dimethoxybenzoic acid (veratric 
acid), and 3,4,5-trihydroxybenzoic acid (gallic 

acid), which are commonly found in industrial 
wastewater as the carbon source in liquid cultures 
[37-39]. 

CONCLUSIONS 

In summary, this study introduced an MBR 
system for RO concentrated water treatment from 
CRW, which was collected from a cold rolling 
process in a steel manufacturing company. The 
TMP variation demonstrated its feasibility of using 
MBR for CRW treatment. In addition, the MBR 
also exhibited high COD and TN removal 
efficiencies under different operational conditions, 
which indicated that this MBR system had a strong 
ability to resist shock loading. High salinity in 
original CRW can affect the ratio of MLVSS and 
MLSS, and particle size distribution. The results of 
high-throughput 454 pyrosequencing showed 
microbial communities in MBR system for RO 
concentrated water treatment from CRW were 
significantly distinct from those regarding artificial 
wastewater treatment. Thauera was the dominant 
genus in MBR system and it could be able to 
degrade aromatic matters which are commonly 
found in industrial wastewater.  
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ABSTRACT 

 
Sorption of trioctyl amine onto kaolinite from 

kerosene was studied using a sorbent with the 
specific surface area of 18.2 ± 0.8 m2 g-1 and the 
loss on ignition of 0.009 ± 0.004 % (w/w). The 
kaolinite particles were hexagonal in shape and this 
was not affected by the trioctyl amine sorption. All 
the major XRD peaks of kaolinite were detected in 
the region of 1.5405 Å regardless of their exposure 
to kerosene and trioctyl amine. Trioctyl amine 
sorbed onto the kaolinite surface. This was 
concluded from the presence of signals from C-H 
stretching and C-H bending vibrations of trioctyl 
amine molecules in the infra-red spectra of 
kaolinite exposed to the trioctyl amine solution in 
kerosene. Sorption equilibrium for trioctyl amine 
was reached after 144-168 hours. The equilibrium 
removal efficiencies of trioctyl amine ranged from 
17.5 to 35.8 %, depending on the initial trioctyl 
amine concentration, its particle size and the solid-
liquid ratio. The relevant equilibrium sorption 
capacities for trioctyl amine ranged from 0.88 to 
0.93 g/g. The linearised Freundlich isotherms had 
an R2 between 0.9719 and 0.9795 and the optimised 
values of n and Kf  ranged from 1.077 to 1.086; and 
from 2.622 to 2.843, respectively.  

 
KEYWORDS:   
Freundlichisotherm,siloxane,trioctylamine, 
EGME/CaCl2. 

 
 
AIM 

 
This article is aimed at addressing a 

knowledge gap on the sorption of trioctyl amine 
onto mineral surfaces or soil minerals from non-
aqueous phase liquids which are modelled by 
kerosene. 

 
 
INTRODUCTION 

 
In metal refinery operations, amines have also 

been used as extractants in solvent extraction for 
metal recovery [1-4]. In the environment, amines 

can be toxic and corrosive to aquatic organisms [5]. 
Trioctyl amine (TOA) has been reported to be an 
efficient extractant in processes such as the 
production of lactic acid where it was toxic against 
the lactic-acid producing microorganisms [6]. It has 
been used and studied extensively in the extraction 
of platinum group metals [7]. Even though most of 
the South African and global metal refineries are 
run on the zero-discharge principle, widespread use 
of amines as extractants and their relevant diluents 
on an industrial scale poses potential environmental 
dangers. These originate from accidental spillages 
and seepage of the extractants; and their solutions 
in various diluents into the groundwater [8,9]. 
Spillage like these can result in formation of the 
non-aqueous phase liquids (NAPLs) [10,11], 
prolonging duration of the contamination [10]. 

 
NAPLs are long-term sources of 

environmental contamination by serving depots of 
the spilled extractant such as TOA. Contamination 
of soil and groundwater occurs by partitioning of 
the dissolved organic compounds between the 
NAPLs and the surrounding environmental 
compartments [12]. In this context, several research 
questions about the fate of TOA remain 
unanswered. One such important question is the 
extent of TOA sorption onto soil particulate matter. 
To partially fill this knowledge gap, the current 
study focused on the sorption of TOA onto 
kaolinite which is a clay mineral. Kaolinite has 
been studied as sorption medium for barium ions 
[13], as have been the clay minerals for metal 
recovery with addition of trioctyl amine [14]. 
However, no detailed study on the interaction of the 
trioctyl amine and the kaolinite surfaces has been 
conducted to date. The model NAPL is kerosene 
and the experiments were performed using the 
batch-equilibration technique. The sorption of TOA 
onto kaolinite was presented in the context of the 
properties of the solid phase/sorbent.  

 
  
MATERIAL AND METHODS 

 
TOA, CaCl2, ethanol, crystal violet and 

kerosene were purchased from Sigma Aldrich 
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(Johannesburg, South Africa). The titrant of for the 
TOA quantification was the 0.1 N HClO4 in 
CH3COOH which along with potassium hydrogen 
phthalate (KHP), sulphuric acid and ethylene glycol 
mono-ethyl ether (EGME) were purchased from 
Merck (Pty.) Ltd (Johannesburg/Cape Town, South 
Africa). All masses were measured using a PA1214 
analytical balance (Pioneer™, Ohaus Corporation, 
Johannesburg, South Africa). All glassware and 15 
mL crucibles were purchased from Sigma-Aldrich 
(Johannesburg, South Africa). Kaolinite was 
obtained from a mining company in Grahamstown 
(South Africa). Dry weight and the loss on ignition 
of kaolinite samples were determined on 
approximately 5 g of kaolinite sample which was 
weighed out analytically. Dry weight was 
determined in triplicate by drying the kaolinite 
samples in the UFE 700 oven (Memmert, 
Schwabach, Germany) at 105 °C for 24 hours. Loss 
on ignition of the dried samples (LOI) was then 
determined in triplicate by heating at 400 oC until 
constant weight of the kaolinite samples was 
reached. The ignition was performed in the App 9B 
4152 SP Muffle Furnace (Gallenkamp, 
Leicestershire, United Kingdom). The specific 
surface area of kaolinite was determined using the 
modified EGME/CaCl2 method [12,15].  

 
For sorption kinetics, 1.021 g of TOA was 

weighed out and dissolved quantitatively in 95 ml 
of kerosene. The solution was transferred into a 100 
ml volumetric flask and mixed by vigorous hand-
shaking. Then the volume was made up to the mark 
with kerosene to get a solution of TOA with the 
concentration of 10.21 g/l (m/v). Ten grams of 
kaolinite was weighed out into a 250 mL 
Erlenmeyer flask and 50 ml of 10.21 g/l of TOA in 
kerosene was added. Thus this experiment was 
conducted as the solid-liquid ratio (referred to as SL 
in further text) of 0.2. The flasks were closed with 
aluminium foil and Parafilm(TM) and agitated using 
the Chiltern orbital shaker SS70 (Slough, Berkshire, 
Chiltern Scientific, United Kingdom) at 100 rpm 
and 21 ± 2 ˚C. Twenty five millilitres aliquots were 
removed with a glass pipette in triplicate after time 
periods ranging from 30 minutes to 168 hours of 
incubation. One replicate Erlenmeyer flask was 
used per determination. The solid particles were 
removed from the Erlenmeyer subsample flasks by 
centrifugation at 3000 rpm for 10 minutes on the 
Allegra X-15 benchtop centrifuge (Beckman 
Coulter, Johannesburg, South Africa). The 
supernatant was analysed for the TOA content 
using the non-aqueous acidimetric titration 
technique (see below). 

 

Experiments were also re-run with 20 g/L of 
the initial concentration of TOA, i.e. SL of 0.4. The 
TOA concentration was determined using the 
titrimetric method of Kar [16]. The titrant was the 
approximately 0.1 N solution of HClO4 in 
CH3COOH and the point of equivalence was 
determined using the 0.5 % solution of crystal 
violet in ethanol as the indicator. Colour change of 
the indicator was from purple to lime green at point 
of equivalence. Control samples indicated that the 
precision of the titration was 15 % or better and the 
accuracy of the trioctylamine quantification was 
120 % of the target. All results were corrected for 
these values. Volume of the titrant was not affected 
by the temperature changes during the sorption 
experiments of the TOA quantification. The titrant 
was standardised against KHP. Sorption isotherms 
were run under the same conditions as the sorption 
kinetics, but the initial concentrations of TOA 
ranged from 0 to 50 g/L in kerosene and the 
incubation period was kept constant at 168 hours.    

 
The sorption kinetics data was used to 

determine the time required for the TOA sorption to 
reach apparent sorption equilibrium. For this, the 
removal efficiency of TOA, i.e. the percentage of 
the initial TOA concentration that was removed 
after a given period of incubation/sorption was 
calculated. The particular values of removal 
efficiency were calculated as shown in equation (1). 
 

 � � �=�0−� ��×100             (1) 
 
In equation 1, M0 is the initial concentration of 

TOA in kerosene before sorption and Mf   is the 
final concentration of TOA (both properties have 
the unit of g/L). Quantification of TOA continued 
done until the removal efficiency of TOA became 
constant, i.e. an indication that the apparent 
sorption equilibrium for TOA was reached. This is 
when the experiments were then terminated. To 
check the mass balance and the evaporative losses 
of TOA, control experiments were done by 
incubating solutions of TOA under the same 
conditions as the sorption experiments. The same 
initial concentrations of TOA as in the sorption 
experiments were used, but with no kaolinite added 
to the Erlenmeyer flasks. The mass balance of TOA 
was always 90 % or better and so the physical 
losses were assumed not to affect the sorption 
results. 

 
The maximum amount of TOA sorbed to 

kaolinite at equilibrium was estimated by 
calculating the sorption capacity which is equal to 
the maximum sorbed concentration of TOA at 
equilibrium. It is calculated using equation (2) and 
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its unit is identical to that of the sorbed TOA 
concentration (g TOA/g kaolinite). 

 �  � �= � � �    �� 
                              (2) 

 
Once the period of apparent sorption 

equilibrium was determined, the sorption isotherms 
were measured. The data was then modelled using 
the linearised form of Freundlich isotherm as 
shown in equation (3).  

 
= +1 �                                (3) 
 
In equation (3),   is the sorbed TOA 

concentration in the kaolinite (g TOA/g kaolinite), 
while �  is the equilibrium dissolved TOA 
concentration (g/L), and �  and n are isotherm 
constants indicating the capacity and intensity of 
the adsorption, respectively. All sorbed TOA 
concentrations were calculated per dry weight of 
the kaolinite sorbent. The Freundlich isotherm 
assumes adsorption takes place on heterogeneous 
surfaces [17]. Thus if this model is used to 
quantitatively evaluate the sorption of TOA onto 
kaolinite, then the degree of surface heterogeneity 
can be ascertained. Under these sorption conditions, 
the ratio of the amount of solute adsorbed onto a 
given mass of the adsorbent to the amount of 
concentration of the solute in solution is not 
constant at different solution concentrations [18]. 
The sorption isotherm was only measured for the 
SL value of 0.4. 

 
To detect any changes to the structure of the 

kaolinite crystal lattice, as well as to verify the 
presence of the TOA molecules on the kaolinite 
surface, several techniques were used. Firstly, the 
IR spectra of kaolinite samples were measured 
using the KBr method on a Perkin-Elmer® 
Precisely FT-IR spectrometer Spectrum 100 
(Perkin-Elmer® Pty Ltd, Beaconsfield, England). 
Scans were performed in a range of 4000-500 cm-1. 
Samples analysed include raw kaolinite and the 
kaolinite exposed to the TOA solutions in kerosene. 
The latter samples were collected from the sorption 
experiments after the apparent sorption equilibrium 
was reached. Subsamples from the kaolinite 
samples that were analysed by IR spectroscopy 
where also subjected to scanning electron 
microscopy (SEM) and the X-Ray diffraction 
analysis (XRD). 

The SEM was performed using the Tescan 
scanning electron microscope (VEGA LMU, Brno, 
Czech Republic). For this, the kaolinite samples 
were placed on a double-sized carbon stub which 
was then placed on a disc carrier of 3 mm height 

and 10 mm diameter. This was gold coated under a 
vacuum (0.25 Torr) and the coated samples were 
imaged using a 20kV electron beam. XRD patterns 
of the kaolinite samples were recorded using a 
Bruker D8 Discover machine (Bruker, 
Johannesburg, South Africa) equipped with the 
PSD Lynx Eye detector, using Cu-K radiation (  = 
1.5405 Å, nickel filter). Samples were placed on the 
zero background (511) silicon wafer embedded in a 
generic sample holder and data recorded within the 
range 2θ = 10˚ to 100˚, scanning at 1˚ min-1 with a 
filter time constant of 2.0 s per step at room 
temperature. A slit width of 6.0 mm was used in the 
measurements. The data was fitted using evaluation 
(Eva) curve fitting software. 

 
 

RESULTS AND DISCUSSION 
 
Average LOI (%) of kaolin samples was 0.009 

± 0.004 %. The LOI was higher than the value of 
0.001 % reported by Tandlich and Baláž [15]. The 
LOI values measure the concentration of soil 
organic matter in the kaolinite samples. Such 
concentrations need to be higher than 0.01-0.2 % 
(w/w) in order for the soil organic matter to play an 
important role in the sorption uptake of TOA to 
kaolinite [19,20]. The LOI value measured in the 
current study was not significantly different from 
0.01 % (w/w) at 5 % level of significance (p-value 
> 0.10), but it was lower than 0.2 %. Therefore the 
sorption of TOA onto kaolinite will mainly be 
governed by the amine molecule interaction with 
the clay mineral matrix. The EGME/CaCl2 specific 
surface area of kaolinite was measured at 18.2 ± 0.8 
m2 g-1, which is comparable to the literature values 
of that have been reported to range from 5.9 to 25.5 
m2g-1 [21-23]. Thus sorption characteristics of the 
Grahamstown kaolinite are comparable with 
kaolinite matrices studied by other authors.  

 
Kaolinite is a natural occurring inorganic 

polymer. It consists of siloxane and gibbsite layers; 
and its chemical formula is Al2[Si2O5](OH)4 and Its 
crystal lattice contains a 1:1 arrangement of 
octahedral alumosilicate sheet with aluminium 
cations bonded  and tetrahedral sheets with silicon 
cations [24,25]. These sheets are stacked on top of 
each other and the adjoining layers form van der 
Waals forces and hydrogen bonds because of the 
availability of an OH group and an oxygen atom in 
the two adjacent layers [25]. The hydroxyl 
functional groups on kaolinite are the most reactive 
[25,26]. They may take part in various chemical 
reactions including ion exchange processing. The 
kaolinite crystal lattice lacks the ability to expand 
due to hydrogen bonds between the siloxane and 
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gibbsite layers [15]. This means that the internal 
surface area of kaolinite is negligible in size and the 
specific surface area measured in this study is 
completely accounted for by the external surface 
area of kaolinite particles [27]. The TOA sorption 
will take place on the outer surface of kaolinite only 
[28].  

 
Figure 1 shows the SEM micrographs of 

kaolinite samples, which indicate that the kaolinite 
particles adhere to each other and form clusters. 
The surfaces of the kaolinite flakes show that they 
are a composite of particles greater than 20 µm. 
This behaviour has been reported for the bulk 
kaolin [29] and kaolinite from Chile [30]. This may 

reduce the surface area available for the TOA 
sorption. It can also be seen that the shape of the 
kaolinite particles is hexagonal, which agrees with 
the findings purported by other studies [31]. The 
SEM images agree well with the general structure 
of kaolinite particles reported in literature. The 
SEM images also indicate that the particle 
properties were not affected by the exposure to 
kerosene. Figure 2 show the XRD spectra of the 
kaolinite particles. 

From the XRD spectrum, using an XRD 
background of 2θ = 10˚ to 100˚, it can be seen that 
the crystal lattice of kaolinite was not altered by the 
presence of kerosene and the TOA amine during the 
duration of the batch equilibration experiments. 

 
 

       
 

      
                                                                                  

FIGURE 1 
SEM images of kaolinite at different time intervals during batch equilibration: left,above:control 

sample of kaolinite which was not exposed to kerosene or TOA; right,above: the kaolinite images after 
exposure for the TOA solution in kerosene for 24h; left,below: for 72h ;right,below: for 168 hour 

 
 

All the major diffraction peaks of kaolinite in 
the region of 1.5405 Å were observed for the 
control sample and in the sample after 168 hours of 
exposure to kerosene and TOA during batch 

equilibration sorption experiments. The intensity of 
the largest peak at 2θ = 27˚ increased after 24 hours 
and reduced after 72 hours and 168 hours. The 
XRD spectrums show that the position of the major 
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peaks conforms to previous literature data reported 
by Kakali et al. [32] and He et al. [33]. Figure 3 
depicts the IR spectrum of the raw kaolinite sample, 
TOA and the kaolinite exposed to kerosene solution 
of TOA. Bands with wavenumbers 3700-3620 cm-1 
correspond to the well-crystallized structure of 
kaolinite [33]. 

 
 
 
 
 

 
FIGURE 2 

XRD patterns of kaolinite at different time intervals (24 hours, 72 hours and 168 hours) during batch 
equilibration. The control sample was not exposed to kerosene or TOA. The term kaolin and kaolinite are 

interchangeable here. 
 
 
The bands at 937 and 914 cm-1 correspond to 

the Si-OH bending vibrations, while those at 983 
and 1035 cm-1 can be attributed to the Si–O–Si in-
plane vibrations [34]. Signals recorded at 
wavenumbers from 3 693 to 3 620 cm-1 were 
observed for kaolinite before and after the batch 
equilibration experiments (see Figure 3). They 
originate from the inner surface -OH stretching 
vibration that can be found inside the kaolinite 
crystal structure. Signal at wavenumbers from 
1 027 to 1 002 cm-1 were also seen for the original 
sample (D), corresponding to O-Si-O bending 
vibrations. For spectra (B) and (C), these were 
shifted to 999 cm-1 and 995 cm-1, i.e. indicating a 
potential interaction between TOA and the Si-O 
bonds. Bands at wavenumbers of 911 cm-1 (D), 908 
cm-1 (C) and 910 cm-1 (B) were observed and most 
likely originate from the Al-OH bending vibrations. 
Signals at 796 cm-1 and 692 cm-1 corresponded to 
Si-O-Al compounded vibrations and Si-O 
stretching vibration, respectively. These bands were 

found in the kaolinite IR spectra after the sorption 
experiment and the kaolinite exposure to kerosene 
and TOA (see Figures 3B and 3C)..  
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FIGURE 3 
The reference infrared spectrum of TOA is depicted in figure (A). Figure (B) depicts the infrared 

spectrum of air-dried kaolinite after 168 of the batch equilibration with a TOA solution in kerosene. 
Figure (C) contains the infrared spectra of kaolinite after 168 hours of batch equilibration, but before air-
drying. Finally, Figure (D) depicts the infrared spectrum of the control kaolinite sample with no exposure 

to any TOA solution in kerosene. 
 
 
The bands from the TOA IR spectrum, namely 

2 922 cm-1, 2 955 cm-1, 1 457 cm-1 and 1 366 cm-
1, were observed in spectra (B) and (C). Thus traces 
amounts of TOA were detected on the kaolinite 
particle surface soon after batch experiments and 
after the kaolinite had been dried. This is based on 
the presence of signals from C-H stretching and C-
H bending vibrations and it proves that TOA sorbed 
to kaolinite. It can be seen from the original sample 
of kaolinite that these bands did not exist before 
introduction of TOA. The IR spectral results also 
show that the sorption of TOA had some influence 
on the kaolinite crystal lattice. Sorption of butyl 
amine onto kaolinite has been reported to take place 
on acidic sites on the surface of kaolinite [35]. 
Lloyd and Conley [29] found that the sorption of 
amines can take place on the basal SiO and AlOH 
groups or on the same functional groups located on 
the external surface of kaolinite particles. This data 
supports the findings of the TOA presence on the 
surface of the kaolinite in this study.     

Example of the sorption kinetics of TOA at 
the SL of 0.4 is shown in Figure 4. The removal 
efficiency is plotted as percentage of the initial 
concentration removed after a given period of 
sorption experiment. As it can be seen the apparent 
sorption equilibrium was reached after 144-168 
hours of incubation. The same time period was 

required to achieve sorption equilibrium for both 
particle diameters at the SL of 0.2. There are no 
reference data on the sorption of the TOA onto 
mineral surfaces and so the apparent equilibrium 
periods are new in literature. The estimated 
hydrophobicity of TOA, measured by the logarithm 
of the 1-octanol/water partition coefficient, is 
around 10.5 [36]. Studies on the sorption of such 
highly hydrophobic organic pollutants onto the 
mineral surfaces are scarce in literature. Murphy et 
al. [37] reported that the apparent sorption 
equilibrium of carbazole, anthracene and 
dibenzothiophene onto kaolinite from the aqueous 
solutions of the compounds was established after 8-
10 hours of incubation [35]. Sorption of asphaltenes 
onto kaolin from the compound’s solution in 
toluene were assumed to reached apparent 
equilibrium after 24 hours, but no kinetic studies 
were conducted [38]. Zhang et al. [39] reported that 
tumbling of a kaolin suspension with octadecyl 
amine for 24 hours or more is required to reach 
sorption equilibrium. Thus time periods required 
for the establishment of the apparent sorption 
equilibrium of TOA onto the Grahamstown 
kaolinite from kerosene was longer than the 
comparable data from the literature. The removal 
efficiencies for TOA after the apparent equilibrium 
was established are shown in Table 1. The 
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equilibrium removal efficiency of TOA at SL of 0.2 
and the kaolinite particle size 65-100 µm and 101-
400 µm was equal to 18.1 % and 17.5 %, 
respectively (see Table 1). The respective sorption 
capacities for TOA were 0.92 g/g and 0.88 g/g. At 
the SL of 0.4, the TOA removal efficiency was 35.8 
% for the 65-100 µm kaolinite particle range and 

33.2 % for the 101-400 µm kaolinite particle range. 
The relevant sorption capacities for TOA were 0.93 
g/g and 0.87 g/g. 

 
 
 

 
 

FIGURE 4 
Sorption of TOA onto the kaolinite sorbent with particle diameters of 65-100 µm and 101- 400 µm. Both 

sorption kinetics were measured at the SL value of 0.4. 
 
 

TABLE 1 
The equilibrium TOA removal efficiencies and sorption capacities. 

 
SL 
(g) 

Particle size 
(µm) 

Removal efficiency (%) Sorption capacity 
(g/g) 

0.2 

65-100 
 18.1 0.92 

101-400 
 17.5 0.88 

0.4 

65-100 
 35.8 0.93 

101-400 
 33.3 0.87 

 
 
The equilibrium removal efficiency is directly 

proportional to the SL. Therefore the removal 
efficiency is directly proportional to the interfacial 
area of kaolinite that is available for the sorption of 
TOA. An apparent contradiction with this statement 
appears to originate from the lack of dependence of 
the equilibrium removal efficiency on the particle 
diameter of the kaolinite sorbent at a constant SL 
value (see Table 1 for details). The apparent 
sorption capacity of kaolinite for TOA follows an 
analogical trend as the removal efficiency. The 
possible explanation for both observations could be 

that the majority of the particles in the 65-100 m 
fraction of kaolinite had an average diameter very 
close to 100 m. On the other hand, the majority of 
the particles in the 101-400 m fraction of kaolinite 
probably had a particle diameter which was close to 
the lower end of the particle diameter interval. 
Further studies on the particle size of the kaolinite 
use will have to be required to ascertain the nature 
of this assumption. Findings from Table 1 seem to 
be in contradiction with the data of Zhou et al. [40] 
and Wang and Keller [41]. 
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Parameters of the Freundlich isotherm are 
shown in Table 2. The Freundlich exponent values 
are very close to 1.0, i.e. the optimisation of the 
Freundlich isotherm parameters by Microsoft Excel 
(Microsoft Inc., Johannesburg, South Africa), 
almost linear. The respective values are equal to 
1.077 for the 65-100 m particle diameter range 
and to 1.086 for the 101-400 m range. This mean 
that the sorption surface available for TOA uptake 
by kaolinite particle is very close to homogeneity, 
i.e. the TOA sorption probably took place evenly 
throughout the kaolinite particle surface. The 
Freundlich sorption coefficient increased as the 

particle diameter of kaolinite decrease, i.e. 2.843 
(L/g)1.077 for the 65-100 m particle diameter 
range and to 2.622 (L/g)1.086 for the 101-400 m 
range. Results from the sorption experiments 
indicate that the kaolinite surface is wetted by 
kerosene and it can remove substantial amounts of 
TOA from the NAPL-type solutions. These 
findings indicate that the kaolinite surface must be 
in part at least hydrophobic in nature and these are 
the sites of the sorption of highly hydrophobic 
compounds such as TOA. The possible 
explanations for these observations are provided 
below.   

 
                                                                           

TABLE 2 
Optimised values of the adjustable parameters of the TOA Freundlich sorption isotherm onto kaolinite. 

 
Particle size range 

(µm) 
Kf  

(L/g)n 
N R2 

Particle size range 
(µm) 

Kf  
(L/g)n 

N R2 

65 - 100  2.843 1.077 0.9719 
101 - 400 2.622 1.086 0.9795 

 
 
Saada et al. [42] examined the hydrophilicity 

and hydrophobicity of the kaolinite surfaces. They 
reported only 25 % of the kaolinite surface to be 
hydrophilic and the remaining part is either neutral 
or hydrophobic in nature [42]. They stated that the 
surface of kaolinite is more oleophilic and is hence 
easily wetted by oils [42]. Therefore this could 
explain the wetting of kaolinite used in this study 
by kerosene. As the extent of kaolinite wetting with 
kerosene becomes increases, the kaolinite surfaces 
would become even more hydrophobic. This in turn 
would make it an excellent site for the TOA 
sorption to kaolinite. Hydrophobic moieties in the 
crystal lattice of kaolinite are the hydrophobic 
siloxane groups which have been reported by 
various authors in the crystal lattice of clay 
minerals [27, 43]. Their hydrophobic nature is 
supported by the report that during the adsorption 
of poly(ethylene oxide) on smectites, the 
hydrophobic part of poly(ethylene oxide) had a 
high affinity for the siloxane groups in the smectite 
crystal lattice soils [44]. Similar sorption 
mechanism could be used to explain the uptake of 
TOA onto kaolinite. Furthermore, kaolinite has a 
higher affinity for organic compounds compared to 
other clay surfaces, especially illite [42, 45]. This 
explains why the kaolinite surface would be more 
hydrophobic in kerosene.  

 
 
CONCLUSION 

 
Hydrophobicity of the tertiary amine and 

organic carbon content of kaolinite, the structure of 

kaolinite and the presence of hydrophobic siloxane 
bonds play a crucial role in its adsorption. In this 
study, the organic carbon content was negligible 
and the sorption of the tertiary amine was not 
attributed to the carbon content. The hydrophobic 
medium, kerosene, also has an effect on the 
structure of kaolinite. The hydrophobic nature of a 
large portion of the sorption surface area of 
kaolinite makes it easily wetted by organic 
chemicals, such as kerosene. This increases its 
hydrophobicity. It is also concluded that the 
hydrophobicity of the tertiary amine affected its 
sorption to kaolinite. Smaller sized particles proved 
to have the highest adsorption capacity and better 
removal efficiency. This suggests that Kaolinite 
carries a potential for being used in the remediation 
of metal processing wastewaters containing 
hydrophobic extractants. 
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ABSTRACT 

This study emphasized the predication of future 

precipitation trend at Xin’anjiang-

Fuchunjiangwatershed and its comparison with that 

of the base (past) years. Possible beginning of change 

in precipitation trend has also been studied in order to 

get an idea about future water resources. CMIP5 data 

has been downscaled to the observed metrological 

stations using change factor downscaling method 

according to local conditions of watershed. In order 

to remove the serial effect of data, non-parametric 

pre-whitening technique was used. Non-parametric 

Mann Kendall (MK), Spearman’s rho (SP/SR), Theil 

Sen’s (TSA) and Sequential Mann Kendall (SQMK) 

techniques were applied on two different base (1960-

2010) and future (2011-2060) precipitation data 

series. Mann Kendall and Spearman’s rho have been 

applied to detect any significant trend within a data 

series, whereas TSA have been used to get the 

magnitude of the trend. The SQMK non parametric 

technique has applied in order to get an idea about 

the beginning of a potential change in precipitation 

trend. Results revealed that there is no significant 

change in annual precipitation trend for either base or 

future data series, meanwhile, an increasing trend 

was evident during winter and autumn seasons while 

summer and spring seasons exhibited a decreasing 

one. Same changes in precipitation trend were 

observed in the study area during 2020-2030 decade. 

KEYWORDS:  

Non-parametric, change factor, future precipitation, 

Xin’anjiang, CMIP5  

INTRODUCTION 

In recent decades, global warming is 

increasingly bringing attentions toward climate 

changes Besides the increase in temperature of the 

globe, a significant change in precipitation has been 

also noticed[1]. Temporal and spatial expansions of 
precipitation patterns are much important for water 

resources [2]. Global warming affects the 

precipitation patterns ultimately affecting the water 

resources and hydrology [3]. Studies found that 

average precipitation pattern is spatially expanding 

throughout the world [4-6] but such an expansion 

occurs at different ratios over various locations  [7, 

8]. IPCC has also detected expansion in precipitation 

patterns spatially in the east of northern and southern 

America and several parts of northern and central 

Asia and Europe whereas Sahel, various parts of 

Africa and South Asia and the Mediterranean 

presented a decrease in the precipitation tendency 

through 1900-2005 [9]. Tropical areas display non-

significant precipitation change, however significant 

increase in the precipitation amount has been 

observed in northern hemisphere between (30-60
0
 N) 

during (1901-2008) identified by IPCC 2013.[10] 

Xin’anjiang watershed lies in the eastern part of 

China. Several researchers have tried to determine 

the precipitation trend in China. Ding et al. found that 

there is no significant annually averaged precipitation 

trend in the country while there is an interdecadel 

trend with its variability found at regional basis [11, 

12]. Wang and Zhou have found a decreasing trend in 

mean annual precipitation during 1961-2001 in the 

northeast, north and central China, whereas a 

significant increasing trend has been found in 

southwest east and northwest China [13]. Studies 

have shown an adjustment of precipitation trend in 

eastern China after 1970. [14-16]. Researchers 

indicated that southern China and Yangtze River 

basin have suffered from heavier precipitation and 

severe flooding events over this area, while northeast 

and north China experienced a lot of severe 

droughts.[11, 12, 17-19]  

Researchers worked to estimate the precipitation 

amount around the globe. Anli (2015) worked to 

estimate the precipitation amount on regional and 

point bases[20]. Previous studies found that the 

precipitation distribution is uneven and extremely 

varied, spatially and temporally, in different regions 

[21]. Several studies have been conducted to 

determine the precipitation trend at local scale in 

China. Wang et al. used precipitation data from 

Jinshajiang River basin during 1961-2008 and found 

an insignificant increasing trend [22]. However, 

Zhong and Li (2009) detected a decreasing trend in 

annual precipitation in Mianyang basin of Sichuan 

province, China [23]. Xu et al. (2010) have observed 

an increase in precipitation in Tarim River basin 

during  1960-2007 [24]. Many researchers tried to 

find the precipitation trend at large scale in the 

country [25-31] but not much work have done to 

determine the precipitation trend over medium 

watersheds such as Xin’anjiang-

Fuchunjiangwatershed. 

Future assessment of hydrology and water 

resources is gaining much more attention from city 

planners and water allocation and utilization 

organizations [32, 33]. General Circulation Model 

(GCMs) and regional climate models have been 

proved to be one of the best tools to analysis the 

climate scenarios and to predict future scenarios [34, 

35]. Many researchers have tried to downscale GCMs 

to predict the future hydrology in their relevant study 

areas [36-40]. Different results can be obtained by 

applying different downscaling techniques showing 

that a small change in precipitation results influence a 

significant effect at the hydrology of the area.[41, 42] 

Many statistical techniques have been 

developed and used for trend detection in the past, 

among which non-parametric technique is more 

powerful and reliable as compared to parametric 

method [43]. Mann Kendall [44, 45] and Theil Sen’s 

[46, 47] non parametric approaches have developed 

by Mann Kendall and Sen are commonly used to 

detect the trend and its magnitude, respectively. 

Researchers often used MK and Sen Slope to 

determine the trend and its magnitude in most of 

hydrological studies [48-58]. Topaloglu used non 
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parametric Mann Kendall approach to detect the 

precipitation trends in turkey [59]. Spearman’s rho is 

also an important statistical technique that was not 

only used for the determination of hydro metrological 

data trend [60] but also employed to be compared 

with Mann Kendall test in many studies [60-64]. In 

the past, it was very common to use an advance form 

of Mann Kendall method, namely Sequential Mann 

Kendall technique, in order to determine the start of a 

possible abrupt change in the trend.[65-67] 

MATERIALS AND METHODS 

STUDY AREA AND DATA COLLECTION 

The study area, namely Xin’anjiang-

Fuchunjiang watershed, is located upstream of 

Xin’anjiang and Fuchunjiang hydropower station on 

the Xin’an River.  

FIGURE 1 

Study area indicating the locations of metrological stations 

It is located between longitudes of 117
0
 45ʹ-120

0
 

15’ and latitudes of 28
0
 15ʹ-30

0
 15ʹN having 35620.2 

km
2 

area, as is shown in Figure 1. The study area 

embraces Xin’anjiang reservoir with a capacity of 22 

billion m
3
 upstream of the Xin’anjiang hydropower 

station. 

The observed meteorological data was collected 

from the Chinese meteorological department and the 

data for future prediction were collected from CMIP5 

project of a CCSM4 model in order to determine the 

trend of precipitation over next 50 years. The 

precipitation data series have divided into base 

year(1960-2010) and future (2011-2060) data series. 

METHODOLOGY 

Change Factor (CF) downscaling method: The 

Change Factor downscaling method [68, 69] is a bias 

correction technique used to minimize the bias 

between the observed data and GCMs outputs. In this 

method, observed data regarding daily variables 

(precipitation) are modified by adding mean values of 

monthly changes between the base and future years. 

Modified precipitation data for future years are 

obtained by multiplying observed daily precipitation 

for the base year by the following ratio in Equation 

(1). 

         =         X   
 
               

          )  (1) 

where           is adjusted daily precipitation 

for a future year, while 

precipitation for 
       is observed daily 

the base year. 

                           are future and reference 

(base) years’ monthly precipitation of GCM output  

while    is the weight of every grid cell and k is 

the number of grid cells 

Pre whitening of data: Data employed for non-

parametric tests, should not be correlated. In order to 

determine the correlation effect on the data, a two 

tailed test has been applied at a confidence interval of 

5% to determine correlation coefficient      as shown 

in Equation (2) 

.   
               

   
  

       
 
  

       (2) 

While value of    was determined at 95% null 

hypothesis as given in Equation (3): 

   
           

   
(3) 

If    value is between the upper and lower limit 

of 95% confidence interval, that means that data is 

serially correlated and we need to apply trend free 

pre-whitening technique [70] in order to remove the 

90
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correlation effect from the data, as is done by many 

researchers [64, 71-73]. 

Mann Kendall trend test: The non-parametric 

Mann Kendall [44, 45] trend test has been applied to 

the observed and future data in order to determine the 

possible trend within the data. The mathematical 

equations used in MK test are given below (where S 

is MK test statistics): 

S=           
 
     

   
                          

            

                

              

                

           

Where variance is given by equation 6 

V(S) = 
                              

 
  

  

(6) 
If more than 10 data points existed, then MK 

statistics   is calculated as: 

   

 
 
 

 
 

   

     
                 

             
   

     
                 

 (7) 

where            are time series data in 

chronological order with j>I, and n is the number of 

data points.    is the number of data ties point with an 

extent of k and m is the number of tied groups. 

 

Positive values of    correspond to an upward 

(increasing) trend, while negative values are 

associated with downward (decreasing) trends. The 

null hypothesis, Ho, in this method is defined as “no 

trend in the data”, while alternate H1 represents the 

presence of a trend within the data. If    >   
  , then 

 

Ho is rejected and the data will certainly following a 

trend.     
  values for p values of 0.05, 0.01 and 

0.001 are 1.96, 2.57 and 3.2, respectively, given in 

the standard normal table. 

Spearman’s rho Test: Spearman’s rho is a [74, 

75] rank based non-parametric test used for trend

detection and comparison with MK trend test. In this 

test, Ho null hypothesis, Ho, indicates no trend while 

alternative hypothesis, H1, indicates the presence of 

the a trend and with changes in data represented by 

exhibits with changes in i [70]. The test Rsp and 

standard Zsp statistics are given by below relations: 

Rsp =1-
          

 
  

       
(8) 

Zsp= Rsp 
   

    
  

(9) 

 

where   is rank of ith data point with i being the 

chronological order number, while n is total length of 

time series. Zsp in Equation (9) is the student’s t value 

with (n-2) degree of freedom. An increasing trend is 

detected if Zsp is found to be positive whereas its 

negative value indicates the presence of a decreasing 

trend within the data. The critical value of t is defined 

as         
 
  at a significance level of 0.05  [76]. A 

 

significant trend exists within the data if 

Zsp >        
 
 . 

Theil Sen’s slope: Sen’s slope technique has 

been applied in this study in order to get the 

magnitude of the trend as follows: 

  =
       

   
 for k=1….N    (10) 

where           are data values of jth and ith 

data series, respectively. 

    =   

     
 

  
           

   

 

      
 

  
                        

Where N=n (n-1)/2. Negative value of     

represents a decreasing slope while a positive value is 

associated with an increasing slope. 

Abrupt change detection: Sequential Mann 

Kendall (SQMK) rank based test has been used in 

many studies to determine the beginning of the trend 

along with potential abrupt changes over the course 

of the trend [77, 78].Step by step test statistics are 

given below 

i. Rank values are used instead of the

original values. ni is the number of cases 

found having xi>xj statistices ,where 

xi(i=1,2,3,…i) and xj (j=2,3,4,…i-1) are 

sequential values of time series. 

ii. Then magnitudes of ranks are

compared. The test statistic is given below. 

     
 
      (12) 

iii. The mean value of test statistics is

given by: 

E (  ) =
      

 
 (13) 

Moreover, the variance is equal to: 
            

  
Var (    .        (14) 

iv. Finally, the SQMK value was

calculated as 

u (  ) =
       

        

                 (15) 

Forward      ) is obtained from original time 

series while data series is reversed and resorted 

before being used as backward statistics        with 

the trend change starting at the intersection point of 

both series. 

RESULTS AND DISCUSSION 

 Primarily statistical results: 

Statistical techniques were applied on both the 

observed (base) and downscaled (future) data before 

employing any other test and the results are presented 

in Table 1. Results revealed that mean annual 

precipitation of future data series is more than that of 

base data series, indicating an increase in the 

precipitation in future. In base data series, the 

maximum precipitation have been observed in the 

east of the watershed decreasing towards west with 

the minimum precipitation observed in the northwest 

of the watershed. The maximum precipitation 

obtained for the base data series was 674mm/year, 

whereas it was found to be about 700mm/year for the 

future data series. 

Coefficient of variation varies within the range 

of 0.1 to 0.2, whereas the standard deviation ranges 

from 48 to 65. As is shown in Table 1, the coefficient 

of skewness ranges from -0.6 to 1.1, whereas the 

coefficient of kurtoses belongs to -0.9 to 1-1.2 

interval for both the base and future data series. Since 

coefficients of skewness and kurtosis are not equal to 

0 and 3, respectively, data is not positively distribute 
91
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TABLE 1 

 Preliminary Statistical analysis 

Stations Name Longitude Latitude 

Mean (mm) 
Standard 

Deviation 
Cs Ck Cv 

Base Future Base Future Base Future Base Future Base Future 

Huangshan 118.15 30.03 674 699 46.1 46.1 -0.6 -0.6 0.5 0.5 0.1 0.1 

Tianmushan 119.42 30.35 421 435 63.0 64.2 -0.6 -0.6 0.0 0.0 0.1 0.1 

Tunxi 118.28 29.72 430 441 64.8 69.3 1.1 1.0 1.2 1.0 0.2 0.2 

Jinhua 119.65 29.12 419 421 44.8 46.9 -0.4 -0.5 -0.7 -0.6 0.1 0.1 

Chunan 119.02 29.62 448 455 50.7 52.0 0.2 0.0 -0.9 -0.9 0.1 0.1 

Quzhou 118.9 29 478 486 64.0 64.4 0.5 0.3 -0.8 -0.9 0.1 0.1 

Monthly base and future trends: As it can be 

seen from Figure 2 (a, b, c, d, e, f), there is not much 

difference in Mann Kendall (MK) and Spearman’s 

rho (SR) significance values. Results revealed that 

future data series showed a little bigger values of 

significance than those of base data series. 

Huangshan station: Results of monthly future 

and base data using Mann Kendall and Spearman’s 

rho are shown in Figure 2a. It can be seen that there 

is no much difference between MK and SP 

significance levels. Results showed that at 

Huangshan station February and December have 

significantly increasing trend while October has 

significantly decreasing trend at 99% significance 

level. Other months of the years did not exhibit a 

significantly increasing or decreasing trend for 

neither the base nor the future data series, as is shown 

in Figure 2a. 

 Tianmushan station: As shown in Figure 2b, 

future and base data series corresponding to Junes, 

Julys and Augusts exhibit significantly increasing 

trend while those corresponding to Novembers have a 

decreasing  significant trend at 99% confidence level. 

Other months did not exhibit a significantly 

increasing or decreasing trend. 

Tunxi station: Results of statistical MK and SR 

for Tunxi station indicate that only Decembers have 

significantly increasing trend at 99% confidence level 

for the base and future data series. Furthermore, base 

data series also showed an increasing trend during the 

months of July, at 99% significance level, while no 

trend is evident within the future data series 

corresponding to this month. Other monthly data 

series did not exhibit a significant trend, as can be 

seen from Figure 2c. 

Jinhua station: An increasing trend has been 

observed for monthly data series corresponding to 

Januarys, Februarys, Octobers, Novembers and 

Decembers at 99% significance level. In contrast, 

Aprils and Mays exhibited a decreasing trend for 

Jinhua station as illustrated in Figure 2d. Other 

monthly data series did not exhibit any significant 

trend. 

Quzhou station: January, October, November 

and December series of base and future data of 

Quzhou station revealed a significance increasing 

trend at 99% significance level, whereas March, 

April and May series showed significantly decreasing 

trend, as is given in Figure 2e. 

Chun’an station: At Chun’an, significant 

positive trends were detected for both the base and 

future data series corresponding to Januarys, 

Octobers, Novembers, and Decembers, while 

significant negative trends found for March, April 

and May months, as is shown in Figure 2f. 

92
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     FIGURE 2 

Monthly Mann Kendall & Spearman’s rho results for the base and future precipitation of (a) Huangshan, (b) 

Tianmushan, (c) Tunxi, (d)    Jinhua, (e) Quzhou, and (f) Chun’an stations. 

LONG TERM SEASONAL AND ANNUAL 

PATTERNS 

Annual data trends: The results of the annual

trend of the past and future data series are shown in 

Figure 3. It can be seen that all meteorological 

stations have insignificant trends. Results revealed 

that Huangshan and Tianmushan stations have 

negative insignificant trends for the past and future 

data series while Tunxi, Jinhua, Quzhou and Chun’an
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stations have shown insignificant positive trends for 

the past and future data series. The Results also 

revealed that there is not much difference between 

Mann Kendall (MK) and Spearman’s rho (SP) trend 

magnitudes. TSA non-parametric results showed that 

Tianmushan station fall in the region where 

precipitation decreases at a rate of  -0.06 to -0.03 

mm/year, whereas other stations exhibit an increase 

of 0.01 to 0.06 mm/year in precipitation for the past 

data series, as is shown in Figure 8a. TSA results 

showed that precipitation at Tianmushan station 

decreased at a rate of -0.07 to -0.04 mm/year, while it 

was increased at all other stations at a rate ranging 

from 0.013 to 0.1 mm/year for the future 

precipitation time data series, as is shown in Figure. 

Winter data series: Non-parametric MK, SP and 

TSA results of the base and future winter data series 

are shown in Figure 3. It can be seen from the figure 

that all stations have increasing significant trends 

except for Tianmushan station which shows an 

insignificant negative trend for both the base and 

future winter data series. Bar chart of both figures 

show that there is not much difference between MK 

and SP results. TSA results, presented into Figure, 

show that precipitation at Tianmushan station 

decreases at a rate of 0.014 to 0.14 mm/year, whereas 

Huangshan and Tunxi stations exhibit an increasing 

trend at a rate of 0.014 to 0.21 mm/year and Chun’an, 

Quzhou and Jinhua station have also increasing 

trends at a rate of 0.62-0.76 mm/year for the base 

data series. It can be seen that Tianmushan station 

has a decreasing trend in precipitation at a rate of 

0.15 to 0.02 mm/year, whereas all other stations have 

an increasing trend at a rate of 0.02-0.86 mm/year for 

future data series. Results showed that there is not 

much difference between the base and future data 

series within all extents.  

Spring data series: Non-parametric MK, SP and 

TSA results of the base and future data series are 

shown in Figures 3. Results revealed that all stations 

within the watershed showed decreasing precipitation 

trends for both the base and future data series. Jinhua, 

Quzhou and Chun’an stations showed significant 

decreasing trends while Huangshan, Tianmushan and 

Tunxi stations showed insignificant decreasing trends 

for both the base and future data series. TSA results 

of the base data series revealed that precipitation at 

Huangshan and Tunxi stations have been decreased at 

a rate of 0.03 to 0.21 mm/year, whereas it is 

decreased at a rate of 0.39 to 1.2 mm/year at 

Tianmushan, Chun’an and Quzhou stations. Obtained 

data for Huangshan and Tunxi stations showed a 

decreasing trend at a rate of 0.031 to 0.21 mm/year, 

while Tianmushan, Chun’an and Quzhou stations 

exhibited a decrease in precipitation at a rate of 0.38 

to 1.08 mm/year for the future data series, as shown 

in Figure 5b. 

Summer trends: MK and Sp non parametric 

results for the base and future summer data series are 

shown in Figures 3. The Results indicated that 

Tianmushan station has an increasing significant 

trend at a rate of 0.25-0.40 mm/year, whereas 

Chun’an, Quzhou and Jinhua stations have significant 

decreasing trends at a rate of 0.31-0.45 mm/year for 

both the base and future precipitation data series, as 

is shown in Figures. Results revealed that the base 

and future data series of precipitation exhibits the 

similar trends with a little difference.  

Autumn data series: Non-parametric test results 

revealed that Chun’an, Quzhou and Jinhua stations 

have significantly increasing trends of precipitation at 

a rate of 0.31-0.50 mm/year, whereas Tianmushan 

station exhibits a significant decreasing trend at a rate 

of 0.05 to 0.15 mm/year for the base and future 

precipitation data series, as is shown in Figure3. 

Other stations did not exhibit any significant trend. 
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FIGURE 3 
MK, SP, and TSA results of annual and seasonal precipitation for the base (1960-2010) and future (2011-2060) data 

Abrupt change detection: Results of Sequential 
Mann Kendall (SQMK) for the base and future data 
series are given in Table 2, while some stations 
results are shown in Figure 4. 

Base data series results: Results of Sequential 
Mann Kendall (SQMK) of base and future data series 
are given in Table 2. Summer data series of 
Tianmushan and Quzhou stations with significant 
increasing and decreasing precipitation trends are 
shown in Figures 4a and 4b, respectively. Results 
revealed that the base annual precipitation data did 
not include any significant trend. Winter data series 
of the base years indicated there is no significant 
trend for Tianmushan station, whereas a significant 
increasing trend has been started in 1970s and 
become significant within 1990s. Base data series of 
Huangshan, Tianmushan and Tunxi stations did not 
exhibit any trend, while a significant decreasing trend 
has been started sometime between 1970-1975 for 
Chun’an, Jinhua and Quzhou stations and became 
significant between 1977-1982. There was no 
significant trend for summer data series of 
Huangshan and Tunxi stations, whereas an increasing 
significant trend has been started in 1979 and became 
significant in 1998. In addition, a significant 
decreasing trend was evident for Chun’an, Jinhua and 

Quzhou stations which was started in 1975-1980 and 
became significant during 1985-1992. No trend was 
found for Huangshan, Tianmushan and Tunxi stations 
within autumn data series, whereas a positive 
increasing trend was obtained for Chun’an, Jinhua 
and Quzhou stations, which started during 1974-1975 
and became significant in 2008. 

Future data series: It is really important to know 
about a possible abrupt start of a trend in the future, 
so as to prepare for planning and installation of water 
resources and hydrology projects. There was no 
significant trend founded for annual future and 
Huangshan winter data series. In Huangshan, Tunxi, 
Chun’an, Jinhua and Quzhou stations, a significant 
increasing trend was started during 2025-2030 and 
became significant during 2040s. A significant 
decreasing trend started in 2023-2026 and became 
significant in 2028 and 2038-2048 was detected for 
spring and summer data series of Chun’an, Jinhua 
and Quzhou, respectively, as is given in Table 2. For 
Tianmushan station, an increasing trend for future 
summer was found in 2029 and became significant in 
2048. Results showed that an increasing significant 
trend will be started in 2025-2026 and become 
significant in 2056-2057 for the future autumn’s data 
series, as is given in Table 2. 

TABLE 2 
SQMK results for base and future 

Station name 
Year Annual Winter Spring Summer Autumn 

Time series Base Future Base Future Base Future Base Future Base Future 

Huangshan 
Start Year +1974 +2029 

Significant +1992 +2042 

Tianmushan 
Start Year +1979 +2029 

Significant +1998 +2048 

Tunxi 
Start Year +1974 +2028 

Significant +1994 +2042 

Chun'an 
Start Year +1975 +2025 -1973 -2023 -1980 -2026 +1975 +2025 

Significant +1999 +2049 -1977 -2028 -1988 -2038 +2008 +2056 

Jinhua 
Start Year +1974 +2024 -1974 -2024 -1976 -2026 +1974 +2026 

Significant +1999 +2048 -1982 -2031 -1985 -2038 +2008 +2057 

Quzhou 
Start Year +1976 +2026 -1973 -2024 -1975 -2026 +1974 +2026 

Significant   +1999 +2048 -1978 -2028 -1992 -2048 +2008 +2057 

(+ sign indicates an increasing trend, while – sign indicates a decreasing one) 
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Overall watershed trends: Results of MK 

and TSA showed that monthly data series of 

January, February, October, November and 

December exhibit a significantly increasing trend 

at a rate of 0.22-0.50 mm/year, whereas March, 

April and May showed significantly decreasing 

trends ranging from 0.39 to 0.68 mm/year for the 

whole watershed considering the base data series, 

as is given in Table 3. Results revealed that 

winter and autumn seasons are associated with 

significantly increasing trends of 0.21-0.43 

mm/year, whereas spring season precipitation 

decreased significantly to 0.48 mm/year. 

Results of future monthly data series 

showed that there is a significant increase of 0.14 

to 0.25 mm/year in January, October and 

December months, whereas a significant 

decreasing trend of 0.24 to 0.33 mm/year was 

evident in April and May months for future data 

series, as is given in Table 3. Winter and autumn 

seasons revealed a significant increase trend at 

0.10-0.20 mm/year, whereas spring precipitation 

significantly decreased to 0.26 mm/year. No 

significant trend was evident within other data 

series. 

  (a) & (b) 

 (c) & (d)  

       FIGURE 4 

SQMK results of summer base of Tianmushan (d),Quzhou (b) and future winter of Chun’an(a) and 

Huangshan(c) stations 

TABLE 3 

Overall Watershed Mann Kendall and TSA results 

1960-2010 2011-2060 

Data Series Z TSA Z TSA 

JAN 2.97 0.44 3.00 0.25 

FEB 2.10 0.33 1.56 0.12 

MAR -2.23 -0.39 -2.45 -0.20 

APR -2.79 -0.45 -3.22 -0.24 

MAY -2.67 -0.68 -2.97 -0.33 

JUN -0.09 -0.03 -1.08 -0.10 

JUL -0.18 -0.02 -0.61 -0.03 

AUG -0.49 -0.05 -0.64 -0.04 

SEP 0.59 0.08 1.10 0.04 

OCT 2.57 0.30 2.74 0.14 

NOV 2.05 0.22 2.23 0.09 

DEC 3.75 0.50 3.58 0.25 

Annual 0.28 0.02 0.03 0.00 

Winter 4.32 0.43 4.22 0.20 

Spring -3.24 -0.48 -3.37 -0.26 

Summer -1.08 -0.11 -1.90 -0.08 

Autumn 2.56 0.21 2.74 0.10 
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CONCLUSION 

The presented study emphasized the predication 

of precipitation trend at Xin’anjiang-Fuchunjiang 

watershed and its comparison with the base year’s 

trend. Possible beginning of changes in precipitation 

trend has also been studied in order to get an idea 

about future water resources. CMIP5 data has been 

downscaled using change factor downscaling 

technique according to local conditions of the 

watershed. To remove the serial effect of data, non-

parametric pre-whitening technique has been 

employed. Non-parametric Mann Kendall (MK), 

Spearman’s rho (SP/SR), Theil Sen’s (TSA) and 

Sequential Mann Kendall (SQMK) techniques have 

applied to two different precipitation data series 

(1960-2010 and 2011-2060). Mann Kendall and 

Spearman’s rho have been applied to detect any 

significant trend within a data series, whereas TSA 

was used to get the magnitude of the detected trend. 

The SQMK non-parametric technique has been 

applied in order to get an idea about the beginning of 

a possible change in precipitation trend.  

Results revealed that the precipitation trend at 

the northern most part of the study area is totally 

opposite to that in other part of the study region. 

Monthly results of the base and future data series 

revealed that October, November, December and 

January have positive increasing trends, whereas 

significant negative trends were found in March, 

April, May data series for most of the stations in the 

study area, except for Tianmushan station where a 

totally different trend was obtained. Results revealed 

that there is no significant change in annual 

precipitation trend for the base and future data series, 

whereaswinter and autumn exhibit up to 0.5 mm/year 

increase and summer and spring indicate up to 0.45 

mm/year decrease in precipitation.  

During 1970s, a positive change in precipitation 

trend started in winter and summer seasons, whereas 

a negative change in precipitation trend in the 

summer and autumn seasons has been observed for 

the base data series at the majority of stations in the 

study area. The increasing trend in the future winter 

and autumn data series began during 2020s, whereas 

summer and spring precipitation decrease started 

during the same decade in majority of stations within 

the study area. 

This study will be fruitful for the hydrology and 

water resource planners who plan for water allocation 

within the study area. This will also be helpful for 

those engineers working on flood control in the study 

area and power generation at the Xinan’jiang 

hydropower station. Further study using different 

CMIP5 and hydrological models is needed to predict 

the exact flow of water in the study region.  
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ABSTRACT 

 
The presented investigations were focused on 

the content of heavy metals (Zn, Cu, Pb, Cd) in 
street dust from localities in Central Poland with 
variable urban, industrial and transportation 
development. Forms soluble in 20% HCl were 
subject to the analysis. It has been concluded that 
the content of Zn, Cu, Pb and Cd in street dust did 
not depend on the agglomeration size but usually on 
the degree of urbanization and industrial 
development. The content of Zn and Cd in street 
dust was significantly influenced by transportation. 
In Central Poland the pattern of heavy metals in 
street dust is according to the following series of 
decreasing values: Zn>Cu>Pb>Cd or 
Zn>Pb>Cu>Cd. 

 
KEYWORDS: 
Heavy metals, street dust, soil, urban development 

 
 

INTRODUCTION 
 

Development of human civilization influences 
the increase of heavy metal content in soil, 
atmosphere and water, which may cause 
irreversible harmful effects in these environmental 
elements. One of the sources of heavy metals in the 
environment may also be street dust deposited on 
the margins and surfaces of roads and streets [1, 2 , 
3, 4, 5, 6,7].  

The sources of heavy metals in street dust 
include for instance the components of exhaust 
fumes, rubbed off road pavements, car tires and 
metal elements of car engines. The dust comprises 
also airborne soil particles as well as atmospheric 
rain of industrial and urban dusts. Existing literature 
[3,7] clearly indicates gradual pollution by trace 
elements of agricultural and forest soils lying 
adjacent to transportation routes.  

The excessive content of heavy metals in the 
environment influences the biological properties of 
soils and groundwater, and causes pollution of the 
food chain [6, 8, 9, 10]. At present, heavy metals 
can be found almost everywhere, in soil and in 
food. The presence of street dust with heavy metals 
causes that they are accumulated in human bodies 
and thus become health hazards [8, 11, 12]. The 
aim of the investigations was testing the content of 
heavy metals in street dust from areas with diverse 
urban, industrial and transportation development, 
located in Central Poland.  
 
 

MATERIAL AND METHODS 
 

The investigations were conducted in Central 
Poland (Fig. 1). Four objects differing in the degree 
of urban, industrial and transportation development 
were selected: 
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FIGURE 1 
Localization of investigate place 

 
 

 
 
Object 1 – Warsaw city with the highest 

degree of urban and transportation development 
from among the selected objects, inhabited by about 
2 million resident and migrant population. The 
investigations were conducted in 8 sites along roads 
located in the Warszawa-Ursynów district with 
intense traffic comprising motor cars and urban 
transportation. Worth noting is the fact that the 
localities along the margins of the investigated 
roads were subject to frequent sweeping and 
washing;  

Object 2 – Wiązowna village with a low 
population density of 91 pop./km2 (average 
population in Poland: 124 pop./km2), situated about 
50 km from Warsaw; an agglomeration with 
recreationalservicehousing functions;  

Object 3 – Karczew town situated about 40 
km from Warsaw, characterized by a larger number 
of enterprises than Wiązowna: foodstuffs, meat, 
poultry, and dairy produce, production of plastics 
and cables, wrapping, as well as printing, chemical 
and iron-work enterprises; 

Object 4 – Lipsko town situated about 150 km 
from Warsaw, a town with high industrial 
development (production of sandwich panels, fruit 
and vegetable production, dairy and meat produce, 
metal industry), surrounded by farmlands and 
forests.  

Three regions with low (nos. 1, 2, 3, 10, 11, 
12, 19, 20, 21), medium (nos. 4, 5, 6, 13, 14, 15, 22, 
23, 24) and high (nos. 7, 8, 9, 16, 17, 18, 25, 26, 27) 
traffic density were selected in each of the objects 
(except Warsaw) (Table 1).  
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TABLE 1 
Content of heavy metals in street dust in localities outside Warsaw (mg∙kg -1). 

 
Object no. Locality Zn Cu Pb Cd 
1 Wiązowna 17.0 16.5 4.5 0.25 
2  27.0 81.6 5.0 0.30 
3  25.0 6.9 5.0 0.10 
4  30.0 9.4 12.5 0.25 
5  48.5 12.6 15.5 0.80 
6  53.5 8.1 28.0 0.70 
7  113.0 25.7 15.0 0.50 
8  83.5 49.5 14.0 0.25 
9  37.5 12.1 10.5 0.40 
10 Karczew 30.0 9.35 12.5 0.40 
11  74.0 48.8 8.0 0.28 
12  89.0 62.6 233.2 0.32 
13  44.0 112.9 28.0 0.36 
14  63.0 137.7 28.0 0.29 
15  94.0 49.8 15.6 0.40 
16  95.0 22.6 12.0 0.56 
17  132.0 67.0 93.6 0.68 
18  52.0 52.6 9.2 0.42 
19 Lipsko 44.4 8.6 9.4 0.28 
20  88.8 15.0 37.8 0.66 
21  71.6 20.2 24.6 0.38 
22  91.6 22.0 21.0 0.44 
23  95.4 20.9 34.0 0.54 
24  101.2 36.0 30.8 0.54 
25  182.0 32.2 34.4 1.1 
26  211.0 30.1 42.2 0.8 
27  253.6 31.2 42.8 0.9 
Cv (%) 68.7 87.7 81.67 49.0 

 
 
Regions with low traffic density included 

roads running through forests, fields and housing 
zones, entrance road to the municipal waste dump, 
transportation stops, roads running through remote 
areas and roads with small enterprises located along 
them. Roads with medium traffic density were 
located in the centres of the analyzed objects in 
sites with medium density, including entrance roads 
to certain objects and state roads. Most sites with 
high traffic density were located along the main 
entrance roads in the analyzed objects, 
characterized by everyday intense traffic density of 
both motor cars and public transportation, with 
numerous enterprises, warehouses and housing 
objects.  

 
Samples of street dust were collected to plastic 

bags from the road margins, from three points along 
10 m of the selected sites.  

The dust samples were dried, sieved through a 
perlon sieve with mesh size of 1 mm, and ground in 
an agate mortar. In this material the pH value in 

KCl was measured electrometrically, and after 
mineralization in dry conditions in 480oC the 
material was dissolved in 20% HCl in an Ethos Plus 
Melestone microwave digester. As a result, 
solutions of Zn, Cu, Pb and Cd forms soluble in 
20% HCl were obtained. The content of the 
investigated elements was determined using atomic 
adsorption spectrophotometry (AAS). Certified 
reference material EnviroMAT SS-2 was used for 
each series of analyses.  

The concordance of the obtained results with 
reference material was at the level of 100%. 
Assessment of the content of the elements in street 
dust was made by comparing the obtained results 
with the heavy metal content in soils considered as 
the geochemical background for soils in Poland 
[13], as well as by comparison to norms of the 
Ministry of the Environment [14] Regulation of the 
Minister of the Environment of 9th September 2001 
on the soil quality standards and ground quality 
standards, Journal of Laws, no. 165, pos. 1359 of 
4th October 2002) for soils, because ranges for 
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street dust have not been established. Range 
correlation analysis was used to assess the 
relationships between particular heavy metals. The 
analyses were conducted using Statgraphics 4.1 
software. 
 
 
 
 
 
 
 
 

RESULTS 
 

The pH values in the samples of street dust 
were approximately the same in the analyzed 
objects; they varied between 7.3 and 8.9. Zn, Cu, 
Pb and Cd contents in street dust collected from the 
road margins of the analyzed objects were variable; 
the mean contents of heavy metals for the entire 
analyzed area were: 85.8 mgkg-1 for Zn, 35.55 
mgkg-1 for Cu, 21.9 mgkg-1 for Pb and 0.76 mgkg-

1 for Cd (Tables 1 and 2).  
 

                                                                                    
                                                                                         TABLE 2 
                         Mean contents of heavy metals in street dust in particular studied objects (mgkg-1) 
 

Explanations: * calculated for mean value  
 
 
In Warsaw, the content of zinc in street dust 

collected from the margins of the streets near bus-
stops varied between 70.7 and 126.0 mgkg-1, and 
attained averagely 93.5 mgkg-1. The content of zinc 
in Warsaw insignificantly varied among the 
analyzed sites (Tables 2 and 3). The variability 
coefficient was 21.6%. Higher amounts of zinc in 
Warsaw were noted in sites where street dust was 
not swept away frequently (sites 4, 5). The average 
content of Zn in the street dust from Warsaw 
exceeded three times the geochemical background 
estimated for the soils of Poland [15] and exceeded 
the average value obtained for all objects. 

In turn, in areas outside the Warsaw 
agglomeration, the highest contents of zinc were 
noted in street dust in Lipsko town located at the 
largest distance from Warsaw (Tables 1 and 2). In 
Lipsko the content of Zn in street dust averagely 
exceeded  four times the geochemical background 
for soils of Poland and in some localities (sites 25, 

26, 27) along which were situated industrial 
enterprises and transportation routes – even 7 and 8 
times (Tables 1 and 2).  In Wiązowna and Karczew 
the street dust contained averagely less Zn than the 
street dust from Lipsko and Warsaw.    

In areas outside Warsaw in some localities 
(sites 7, 17, 24, 25, 26, 27), the Zn content in street 
dust exceeded the admissible concentrations of this 
element in natural and protected soils >100 mgkg-1 
announced in the Journal of Laws by the Ministry 
of the Environment in 2002 (tab.7). These sites 
include transportation routes with high density of 
motorcars and urban transportation, near which 
occurred services and production enterprises. The 
variability coefficient for zinc in street dust 
collected from areas outside Warsaw was 
significantly higher and reached 68.7% (Table 1) in 
comparison to the data from Warsaw (Table 3). 

 

Element Locality Range Mean value Mean for the 
entire area 

Geochemical 
background 

Zn Warszawa 70.70-126.0 93.5 17.0-253.6 
 
      85.8 

5.0-59.0 
 
30.0 

Wiązowna 17.0-113.0 48.3 
Karczew 30.0-132.0 74.8 
Lipsko 44.0-253.6 126.6 

Cu Warszawa 12.8-39.3 30.9 6.9-137.7 
 
     35.6 

0.4-23.5 
 
       7.1 

Wiązowna 6.9-81.6 24.7 
Karczew 9.4-137.7 62.6 
Lipsko 8.6-32.2 24.0 

Pb Warszawa 13.5-29.8 20.3 4.5-233.2 
 
    21.9 
    (28.1)* 

0.5-21.0 
 
     9.8 

Wiązowna 4.5-28.0 12.2 
Karczew 8.0-93.6 

(8.0-233.2)* 
24.2 
(48.9)* 

Lipsko 9.40-42.80 30.80 
Cd Warszawa 0.45-1.95 1.60 0.10-1.95 

    0.76 
0.03-1.00 
0.18 Wiązowna 0.10-0.80 0.39 

Karczew 0.28-0.68 0.41 
Lipsko 0.28-1.10 0.64 
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TABLE 3 
Heavy metal content in street dust collected from selected sites in Warsaw (mg∙kg-1) 

 
No. Sites Zn Cu Pb Cd 
1. At exit road from Warsaw 77.5 12.8 16.5 1.90 
2. Bus-stop on Nowoursynowska Str. 70.7 25.2 14.2 0.45 
3. Bus-stop on Nowoursynowska Str. 94.0 37.1 13.5 1.90 
4. Corner of Ciszewskiego and 

Anody streets 
121.1 23.0 17.5 1.57 

5. Entrance road to parking lot 126.0 32.5 29.8 1.40 
6. Klinika bus-stop 94.5 39.3 22.5 1.85 
7. Stary Ursynów bus-stop 81.5 16.1 19.1 1.75 
8. Old campus near Economical 

Building 
82.5 25.1 26.5 1.95 

 Range 
Mean 

70.7 -126.0 
 (93.5) 

12.8-39.3 
 (30.9) 

13.5-29.8 
 (20.3) 

0.45-1.95 
(1.60) 

 Cv (%)  21.6 35.8 29.3 31.3 
 
 
Comparison of the obtained Zn content with 

the values given in literature reports from the last 
10 years (Table 4) allows to conclude that the Zn 
content in Central Poland again reveals an uptrend. 
This increase may be caused by the appearance of 
new zinc sources in the environment or the increase 
of values from existing sources such as rise of 
transportation density and poor condition of the 
vehicles, road quality, increased number of housing 
and small enterprises.  

  Copper in street dust varied in the 
investigated areas between 6.9 and 137.7 mgkg-1 
and clearly differed between the sampling localities 
(Tables 1, 2, 3). In Warsaw, Wiązowna and Lipsko, 
the average values of Cu in street dust were similar 
and lower than the average for the entire analyzed 
area. Only in Karczew situated 40 km from 
Warsaw, averagely higher values of Cu were noted 
in street dust in comparison to the average for the 
entire analyzed area. Higher Cu contents were 
observed in street dust collected from roads along 
which were situated shops, industrial enterprises 
(e.g. poultrymeat produce or cable manufactory), 
along the entrance road to the municipal waste 
dump and roads to other localities (sites: 2, 8, 11, 
12, 13, 14, 17, 18). In comparison to studies 
conducted in 1998–2007 in Central Poland, the 
content of copper in street dust shows an uptrend 
(Table 4). The presented studies indicate that in 
30% of the analyzed sites, street dust collected 
outside Warsaw exceeded the norms for copper for 
type A soils given in the appendix to the Regulation 
of the Minister of the Environment from 2002 on 
the quality of soils and grounds reaching < 30 
mgkg-1 Cu for unpolluted soils   (group A),  
(tab.7).  

  The mean values of lead in street dust from 
Warsaw, Wiązowna, Karczew and Lipsko varied 

insignificantly and reached: 12.23; 20.30; 24.16; 
30.8 mgkg-1, respectively (Table 2). The highest 
content of lead in street dust (233.2 mgkg-1) was 
noted in Karczew (site 12) in a sample collected 
from the entrance road to the municipal waste dump 
as well as in street dust collected from the main exit 
road from this town surrounded on both sides by 
houses (site 17), and in Lipsko in street dust from 
roads adjacent to industrial enterprises (sites 25, 26, 
27). The variability coefficient of lead in street dust 
from the area outside Warsaw was 81.67% and 
higher than in Warsaw (Tables 1, 2, 3). In Warsaw 
the content of lead in street dust was rather 
invariable, which may be explained by a similar 
traffic density, good quality of vehicles, similar 
urban conditions as well as frequent road sweeping. 
These measures largely caused decrease of the 
content of lead and other heavy metals in street 
dust. In Warsaw there is a lowest variability 
coefficient for lead in street dust (29.3%), which 
suggests that the main source of lead pollution in 
Warsaw is traffic (Table 2).  

  The content of lead in street dust in Warsaw 
was about twice higher than the geochemical 
background. The mean contents of Pb in street dust 
from Warsaw were similar to the content of lead in 
areas outside Warsaw (Table 2). In street dust 
collected in sites 12 and 17, lead content (50 mgkg-

1) exceeded values given by the Ministry of the 
Environment for soils in natural and protected areas 
(group A) tab.7.  

  Comparison of the obtained results with 
earlier studies of street dust from Central Poland 
shows that from 2003 the content of lead in the 
environment is maintained at a similar level (Table 
4). 

The highest content of cadmium – averagely 
1.60 mgkg-1 – was noted in street dust from 
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Warsaw. The mean content of cadmium in street 
dust from Warsaw exceeded the  geochemical 
background of this element (0.18 mgkg-1) almost 
10 times and showed low variability among the 
particular sites (Tables 2 and 3). In turn, the content 
of cadmium in street dust from areas outside 
Warsaw was about 3 to 4 times lower than the 
content of cadmium in Warsaw (Tables 1 and 2). 
Usually, higher contents of cadmium in areas 
outside Warsaw were noted in the vicinity of 
various industrial enterprises (sites 25, 26, 27), as 
well as in street dust collected from roads in 
housing zones (sites 5 and 6). The variability 
coefficient for cadmium in areas outside Warsaw 
was 49.0% and similar to the variability coefficient 
of street dust from Warsaw (31.3%) (Tables 1 and 

3). As evidenced by the obtained results, the largest 
source of cadmium in the environment was traffic 
as well as various industries.  

Earlier investigations [2, 16, 17] and the 
presented analyses of street dust indicate that the 
mean content of cadmium in the environment in the 
study area is maintained at a similar level for the 
last 10 years (Table 4).  

 
 
 
 
 
 
 

                                                                                       
 

TABLE 4 
Changes in the heavy metal content in street dust in Warsaw and outside Warsaw during the last 10 years 

based on the results of various authors and the soil geochemical background (mgkg-1) 
   

Year Zn Cu Pb Cd 
1998 * 230.9 (61-460) 57.4 (11-156) 79.9 (24-282) 0.95 ( 0.2-2.6) 
2003 ** 63.6 (13-173) 30.6 (3-84) 33.8 (12-124) 0.67 (0.48-2.16) 
2007*** 65 ( 22-133)   20.5 (6-62) 20.1 (8-72) 0.80  (0.46 - 1.34) 
2012**** 85.8 (17.0-253.6) 35.6 (6.9-137.7) 21.9 (4.5-233.2) 

28.1* 
0.76 (0.1-1.95) 

Background  30.0 (5.0-59.0) 7.1 (0.4-23.5) 9.8 (0.5-21.0) 0.18 (0.03-1.0) 
*   Czarnowska K., Bednarz I. (2000) 
** Kozanecka T., Czarnowska K., Jaworska A. (2003) 
*** Kozanecka T., Czarnowska K., Łaszczyk K. (2007 
 ****  this report 
 
 
The calculated range coefficients between the 

content of particular heavy metals in street dust 
from areas outside the Warsaw agglomeration have 
shown positive relationships between Zn and Pb, 
Zn and Cd as well as Pb and Cd (Table 5). The 
increase of zinc content in street dust has 

significantly influenced the increased content of 
cadmium and lead. This causes that in these areas 
the increased supply of one of these elements at the 
same time contributed to the increase of the content 
of each of these elements in street dust. 

 
 

TABLE 5 
Rank correlation coefficients between the content of particular heavy metals in street dust from outside 

Warsaw                                                        
 

  Zn Cu Pb Cd 
Zn 1.000 0.347 0.725*  0.689* 
Cu 0.347 1.000 0.290 0.008 
Pb 0.725* 0.290 1.000  0.630* 
Cd 0.689* 0.008 0.630* 1.000 

* statistically significant correlations at the level P=0.05 
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TABLE 6 
Mean values reflected as average and median values (in parentheses) of the heavy metal content in street 

dust from sites with variable traffic density outside Warsaw (mgkg-1)* 
 

Traffic density Zn  Cu  Pb  Cd  

low 51.87 (44.4)a 29.95 (16.5)a 37.78 (9.4)a 0.33 (0.30)a 
medium 69.02 (63.0)a 45.49 (22.0)a 23.71 (28.0)a 0.48 (0.44)a 
high 128.84 (113.0)b 35.89 (31.2)a 30.41 (15.0)a 0.62 (0.56)a 

*The different letters refer to statistically significant differences between various levels of traffic density 
(statistically significant differences were noted only for Zn).  

 
 
It has also been observed that the traffic 

density in a given area variously influenced the 
heavy metal content in street dust (Table 6). The 
content of Zn in street dust was significantly higher 
in sites with high traffic density in comparison to 
objects with low or medium traffic density. In turn, 
the development of urbanization and traffic did not 
significantly influence the increase of the Cu, Pb 
and Cd contents. It should be emphasized than in 
the case of cadmium, its content rises with the 
development of traffic and industry.  
 
 

DISCUSSION 
 

The presented investigations show that the 
heavy metal content in street dust from Central 
Poland was variable and did not depend on the 
agglomeration size. A lower content of Zn was 
usually observed in Warsaw, which is the largest 
agglomeration, with a high degree of urban and 
traffic development and in small localities, located 
close to Warsaw, whereas higher contents of Zn 
were noted in Lipsko, which is located at the largest 
distance from the Warsaw agglomeration. These 
results can be explained by the differences in the 
quality of the technical condition of the vehicles, 
industrial enterprises and better road pavements in 
Warsaw in comparison to areas outside Warsaw. As 
indicated by the investigations of Al-Khashmann 
[3], significant Zn sources in Jordan in the 
Industrial Centre at Karak were transportation and 
car services, quality of car carburettors, iron-works, 
steelworks, heaters, aluminium industry and 
housing. These anthropogenic factors influenced 
also the high correlation between the content of Zn 
and Pb, which is evidenced also by the results of 
this report. The maximal contents of Zn (253.6 
mgkg-1) in street dust in our investigations are 
similar to those obtained in Jordan (123 mgkg-1) 
[3], and Accra in Ghana (213.0; 371.0 mgkg-1) [5]. 
In turn the mean content of Zn (85.50 mgkg1) in 
Central Poland is similar to the mean value in an 

industrial town in China [18]. The high variability 
coefficient for Zn indicates that the content of Zn in 
street dust is influenced by many factors, such as 
e.g. technical quality of vehicles, quality of petrol, 
technical condition of the machines, equipment and 
chimney channels, road quality and other local 
factors.  

The variability of these factors has impact on 
the increase of zinc in the environment, as 
evidenced by the presented investigations. In the 
study area, the content of copper is lower than the 
content of zinc in comparison to data from other 
countries [19]. The maximal content of copper 
(137.7 mgkg-1) in street dust noted in the area with 
the waste dump was close to the values obtained in 
Madrid (188 mgkg-1) [20] (167 mgkg-1) [21], and 
was 10 times lower than in Istanbul (1385 mgkg-1) 
[3]. The mean contents of Cu in street dust from 
Central Poland are close to those noted in Accra, 
Ghana (2976 mgkg-1) [5]. 

Despite a high variability coefficient, the 
content of Cu in street dust from Central Poland is 
maintained at a similar level for the last 10 years 
with a slight uptrend.  

Lead is not an element that is indispensable 
for the physiological functions of organisms and its 
values exceeding the geochemical background pose 
a hazard to the environment. The presented 
investigations have shown similar contents of these 
elements in street dust in the studied areas. The 
maximal content of Pb in street dust (233.2 mgkg-

1) from the entrance road to the waste dump is a 
hazard for the environment and the population. In 
most sites of the study areas, the content of lead in 
street dust has almost twice exceeded the 
background for soils in Poland. Similar 
relationships were noted by Atiemo [5] in Accra, 
Ghana. A low variability coefficient for lead in 
Warsaw suggests that the main factor influencing 
lead content in street dust is the quality of vehicles 
and the applied petrol. It is worth noting that 
sweeping of dust from the street margins 
significantly influences the decrease of Pb in the 
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environment. These studies show that the 
development and intensification of traffic did not 
increase the content of lead in street dust during the 
last 10 years in the studied sites in Central Poland.  

The obtained results show that the 
development of transportation and heavy industry 
(steelworks, electric industry, urbanization, etc.) 
significantly influences the zinc content and 
statistically insignificantly influences the content of 
Cd in street dust, which is also confirmed by the 
results of other authors [3,4]. 

The investigations show that the content of 
cadmium in street dust in the study area depended 
on the agglomeration size. In comparison to the 
geochemical background, the increase of cadmium 
in Warsaw was the highest, almost 10 times higher, 
whereas in towns located at the largest distances 
from Warsaw, this increase varied from 2 to 5 
times. These data indicate that the circulation of 
cadmium in the environment is influenced mainly 
by the development of urbanization, industry and 
traffic. The content of Cd in street dust from 
Warsaw in comparison to other reports is similar to 

the content in other European cities, e.g. 1.4 mgkg-

1Cd were noted in Oslo [20]. 
 The content of heavy metals in street dust 

in the study area followed a pattern according to the 
decreasing values (mean values in mgkg-1): Zn 
(85.8) > Cu (35.5) > Pb (21.9) > Cd (0.76). Such 
pattern of heavy metals in street dust was 
characteristic for the Warsaw agglomeration as well 
as smaller localities such as Wiązowna and 
Karczew. 

The only exception was the area of Lipsko, 
located at the largest distance from Warsaw, where 
the heavy metals from street dust followed a pattern 
according to the decreasing quantities (mean values 
in mgkg-1): Zn (126.6) > Pb (30.8) > Cu (24.0) > 
Cd (0.64). This series of heavy metals in street dust 
is similar to the series of metals occurring in arable 
soils situated close to communication routes and 
subject to strong anthropopression, and in street 
dust from Warsaw.(Table 7) [1, 22]. 

 

 
 

TABLE 7 
Regulation of the Minister of the Environment of 9 September 2001 on the soil quality standards and 

ground quality standards. Journal of Laws, no. 165, pos. 1359 of 4 October 2002 
 

Heavy  
metals 

Allowable concentrations  
of heavy metals in soils 

Regulation of the Minister of the Environment of 9 October 2002  
(mgkg-1  ) 

Group A Group B  Group C  
Depth in m; C in ppt 

0-0,3 0-2 
As     20 20 60 
Ba     200 200 1000 
Cr     50 150 500 
Sn    20 20 350 
Zn    100 300 1000 
Cd     1 4 15 
Co    20 20 200 
Cu     30 150 600 
Mo    10 10 250 
Ni     35 100 300 
Pb     50 100 600 
Hg     0,5 2 30 

• A- land in an area subjected protection, B-land classified as agricultural land except land under ponds and 
ditches, woodlands and urban and built-up (without the industrial areas of arable lands fossil and 
communication), C industrial areas, utilities and fossil sites 
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CONCLUSIONS 
 

Street dust may be a good indicator to assess 
changes occurring in various urban and rural 
environments, areas with a variable degree of 
industrialization and different traffic density. The 
content of Zn, Cu, Pb, and Cd in street dust usually 
did not depend on the agglomeration size but on the 
degree of urbanization and industrialization as well 
as traffic density. The type, technical condition and 
number of vehicles significantly influenced the 
content of Zn and Cd in street dust. Likewise, 
frequent road sweeping contribute to the decrease 
of the heavy metal content in street dust. In Central 
Poland the content of the analyzed heavy metals is 
according to the following patterns of decreasing 
values: Zn (85.8) > Cu (35.5) > Pb (21.9) > Cd 
(0.76) or  Zn (126.6) > Pb (30.8) > Cu (24.0) > Cd 
(0.64). 
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ABSTRACT 
  
Biodegradation of simazine by pure culture of 

Rhodococcus rhodochrous (DSM 43241) was 
studied in batch culture. Biodegradation 
experiments were carried out at different initial 
simazine concentrations between 0.886 and 4.967 
mgL-1 in the presence of basal salts medium 
containing glucose.  A significant decrease in the 
percent removal of simazine was observed with 
increasing initial simazine concentrations due to 
toxic effects of simazine.  Degradation rate of 
simazine increased with the initial simazine 
concentration up to 2.7 mg L-1 and decreased with 
further increases. A non-competitive inhibition 
model was used to correlate the experimental data 
and to determine the kinetic constants which were 
found to be k = 0.055 mg-simazine gX-1h-1, KS = 
5.50 mgL -1 and KSI = 3.6 mgL-1. Rhodococcus 
rhodochrous was found to be very effective for 
biodegradation of simazine with potential use in 
biological treatment of pesticide containing 
wastewaters. 

 
KEYWORDS: 
Biodegradation; inhibition; kinetic model; Rhodococcus 
rhodochrous; simazine; micropollutants  
 
 

INTRODUCTION 
 

Pesticides are used extensively in agriculture 
to prevent harmful organisms. One of the most 
commonly used pesticide in agricultural areas are 
herbicides. Extensive use of herbicides causes 
serious environmental pollution problems in surface 
and drinking waters. The priority substances 
containing pesticides and other pollutants are 
specified by Water Framework Directive (WFD) 
2000/60/EC (Annex X) and Directive 2013/39EU 
to protect the aquatic environment from adverse 
effects of pollutants under the Water Framework 
Directive (WFD) [1,2]. Surface runoff from 
agricultural areas is the main source of pesticide 
contaminations. Pesticides are also present 
frequently in wastewater treatment plant effluents 
because of non-agricultural uses in urban areas [3,4] 

Simazine (6-chloro-N,N′-diethyl-1,3,5-triazine-2,4-
diamine)  is one of the substances listed in Priority 
Substances (WFD Annex X). It is a synthetic 
chemical with low solubility of 6.2 mgL-1 and is 
widely used as a preferred herbicide to control the 
growth of weeds in agricultural areas [2,5,6].  

 
Different physical, chemical and biological 

methods such as adsorption, chemical oxidation and 
biological degradation were used for removal of 
pesticides from water [7-12]. Microbial or chemical 
degradation of pesticides are required for effective 
removal from water sources. Chemical degradation 
may cause formation of undesirable and even more 
toxic end products. Microbial degradation is more 
specific; however, it is relatively slow[13]. Toxic 
substances are difficult to remove by conventional 
bio-treatment systems. Effective degradation of 
pesticides can be achieved by using special 
bacterial species, which can use the pesticides as a 
sole carbon and nitrogen source [13]. The pesticides 
alone are not sufficient for growth of bacteria in the 
absence of a carbon and energy source  [14].  
Bacterial growth must be stimulated by addition of 
a carbon and energy source into the medium for 
effective degradation of pesticides [5,15,16]. 
Rhodococcus strains have been used for 
biodegradation of complex organic compounds 
including herbicides such as propazine, simazine, 
and cyanazine [17].  Some toxic compounds such 
as pesticides can be effectively removed from 
wastewater by using activated sludge containing 
Rhodococcus strains [5,17-26]. Degradation rate of 
simazine in soil was also investigated at different 
temperature and moisture at laboratory conditions 
[27]. 

 
Limited number of studies was reported in 

literature on biodegradation of pesticides by the 
Rhodococcus strains. Biodegradation kinetics of 
simazine by Rhodococcus rhodocrous was not 
studied and reported in literature. The major 
objective of this study is to investigate 
biodegradation of simazine by R. rhodocrous in 
batch culture. A kinetic model was developed and 
the kinetic constants were determined by using the 
experimental data.   
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MATERIALS AND METHODS 
 

Experimental system. Biodegradation 
experiments were carried out at 30 oC by using a 
gyratory incubator shaker.  The experiments were 
performed in 500 ml baffled shake flasks. The 
flasks were charged with 100 mL of the nutrient 
media and simazine was added to the flasks in 
desired concentrations between 0.886 and 4.967 
mgL-1. The initial pH of the medium was adjusted 
to 6.8 for optimal growth of Rhodococcus 
rhodochrous.  pH was controlled at 6.8 ± 0.2 by 
addition of a few drops 0.2 N NaOH during 
experiments. Sterilized flasks were inoculated with 
10 mL   culture and were incubated in a controlled 
environment shaker at 150 rpm and 30 oC for 7 
days (168 hours).  A control flask containing 
simazine and nutrient medium without 
Rhodococcus rhodochrous (DSMZ 43241) was 
used to determine the non-biological degradation of 
simazine. Shake flasks including the controls were 
prepared in duplicates. The samples were 
withdrawn in every 24 hours. 

 
Nutrient medium composition. One litre the 

synthetic media used in the experimental studies had 
the following composition: 5 g glucose, 1.5 g 
(NH4)2SO4, 0.2 g K2HPO4, 0.1 g MgSO4.7H2O, 
0.05 g CaCl2. 2H2O at pH=6.8. The liquid media 
was sterilized by autoclaving at 121°C for 15 
minutes. Initial simazine concentration in the flasks 
was adjusted to desired concentrations between 0.886 
mgL-1 and 4.967 mg l-1. Two control flasks were used 
to quantify non-biological degradation of simazine 
and adsorption of simazine onto organism in 
duplicates. The first control flask, containing 0.8 
mg-simazineL-1 was free of microorganisms. The 
second control flask contained 0.8 mg-simazine L-1 
and sterilized dead organisms. 

 
Organisms. Pure culture of Rhodococcus 

rhodochrous (DSMZ 43241) was obtained from 
Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH, Braunschweig, Germany to be 
used in the experimental studies. The culture was 
cultivated on a shaker at 30°C and 150 rpm under 
aseptic conditions by using a nutrient medium 
containing 0.2 mgL-1 simazine, 5 g glucose, 1.5 g 
(NH4)2SO4 , 0.1 g MgSO4.7H2O, 0.2 g K2HPO4, 
0.05 g CaCl2. 2H2O and 1 g yeast extract in one liter 
of water (Pamukoglu and Kargi, 2008). The 
cultivated cells were centrifuged and washed with 
sterile water before inoculation. The same amounts of 
concentrated cell suspensions were used for 
inoculation of the experimental flasks. The initial 

concentration of the microorganisms in the flasks was 
887±30 mgL-1. 

 
Chemicals. All chemicals were analytical grade 

and used without any further purification. Simazine 
was supplied by Dr Ehrenstorfer GmbH, Germany. 
Chromatographic grade acetonitrile, analytical grade 
H2SO4 (98–99%) and NaOH were purchased from 
Merck, Germany. The water used for solutions and 
mobile phase were purified using a Mili-Q system 
(milipore filtration). 

 
Analytical methods. Simazine was analyzed 

using an HPLC (Agilent 1100 model), equipped with 
a UV-detector and a C18 column. The mobile phase 
composition was H2O/Acetonitrile with a ratio of 
40/60. The UV-detection was operated at 214 nm. 
The flow rate was 1 mL min-1 and the injection 
volume was 20 μL. The retention time for simazine 
was 4 min (Catalkaya and Kargi, 2009a). Simazine 
calibration curve was prepared for concentrations 
between 0.002 and 5 mgL-1 with a correlation 
coefficient of R2= 0.9998. A pH meter (WTW, 
Germany) was used to monitor pH. Samples were 
withdrawn from the flasks every day and centrifuged 
at 8000 g for 15 minutes to remove biomass from the 
liquid phase. Biomass concentration was determined 
at the beginning of the experiments by filtering the 
samples through 0.45 µm Millipore filter and drying 
in an oven at 105°C to constant weight. Samples 
were analyzed in triplicates and the standard 
deviations were less than 3% of the average.  

 
 
RESULTS AND DISCUSSION 

 
Variations of simazine concentrations with 

time during experiments are shown in Figure 1 for 
different simazine concentrations. Simazine 
concentration in the control flask did not change 
during the experimental period indicating no 
adsorption and no biodegradation. Simazine 
concentration in the experimental flasks decreased 
considerably for the first 72 hours and then 
remained constant especially for high simazine 
concentrations.  

 
Variations of final simazine concentrations 

and percent simazine removals with the initial 
simazine concentrations are shown in Figure 2. 
Final simazine concentrations increased and percent 
simazine removals decreased with increasing initial 
simazine due to toxic effects of simazine on 
Rhodococcus rhodochrous. Percent simazine 
degradation was 64.2 % at the end of 168 h with the  
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initial simazine concentration of 0.886 mgL-1 
which decreased to 58.8 % for the initial simazine 
concentration of 1.851 mgL-1, and further to 20.5% 
for the initial simazine of 4.967 mgL-1.  

 
Figure 3 depicts variation of initial 

degradation rate of simazine with the initial 

simazine concentration. The rate of degradation 
increased with initial simazine concentration up to 
2.7 mg L-1 and then decreased for higher 
concentrations, indicating inhibitory effects of 
simazine on Rhodococcus rhodochrous for 
concentrations above 2.7 mgL-1.  

 
 
 

  
 

FIGURE 1 
Variation of simazine concentration with time for different initial simazine concentrations 

 
 

 
FIGURE 2 

Variation of final simazine concentrations and percent simazine removals with the initial simazine 
concentrations.   
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FIGURE 3 

Variation of initial degradation rate of simazine with initial simazine concentration. 
 
 
The data presented in Figure 3 indicates 

typical substrate inhibition kinetics. The following 
rate equation was suggested for non-competitive 
substrate inhibition kinetics. 

 �� = �. ��. ��� + �  ������ + �= �. ��+ �� �⁄ + � ���⁄                       

or �� = ���� = �. ��� + �  ������ + �            �  
 
where RSo is the initial rate of simazine 

degradation (mgL-1h-1); So is the initial simazine 
concentration (mg L-1); KS is the saturation constant 
(mgL-1), Xo is the initial biomass concentration 
(gXL-1), k is the biodegradation rate constant for 
simazine (h-1) and KSI is the inhibition constant for 
simazine (mgL-1). Rso is determined by using the 
initial simazine degradation rate as Rso = ∆S/∆t, 
where ∆S is (So – S) and ∆t is 72 hours. Rxo is the 
specific rate of simazine degradation (mg-simazine 
gX-1h-1) and is determined as Rs/Xo where Xo is 
0.887 gL-1. The first term in equation 1 represents 
biodegradation rate of simazine by the bacteria in 
form of Monod rate expression. The second terms 
represents non-competitive substrate inhibition by 
simazine.  

 
The inhibition term can be neglected at 

simazine concentrations below 2.7 mgL-1 (So<<KSI) 
and initial rate equation can be written as 

 

�� = �. ��. ��� + �  = ��. ��� + �                       
or �� = ���� = �. ��� + �                               �   
where Rmo = k Xo is the maximum initial rate 

of simazin biodegradation (mgL-1h-1). In reciprocal 
form, equation 2a can be written as follows: �� = � + ���  �                                         

 
A plot of 1/Rxo versus 1/So results in a line 

with a slope of KS/k and intercept of 1/ k. 
 
For high initial simazine concentrations of 

above 2.7 mgL-1, the first term in equation 1 may be 
neglected (S >> KS) and the inhibition term 
becomes the rate determining factor. Therefore, for 
high initial simazine concentrations, the rate 
expression takes the following form: 

 �� = �. �� ������ + �                     
or �� = ���� = �. ������ + �                   �  
In reciprocal form, equation 4a can be written 

as follows:  
 �� = � + �. ���  �                         
 
A plot of 1/Rxo versus So for high simazine 

concentrations results in a line with a slope of  
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1/ k KSI and intercept of 1/k. Experimental 
data presented in Figure 3 were used to determine 
the kinetic constants.  Plots of 1/Rxo versus 1/So at 
low initial concentrations of simazine and 1/Rxo 
versus So at high initial concentrations of simazine 
were shown in Figure 4 and 5, respectively. The 
kinetic constants were calculated from the slope 
and intercept of the best-fit line. 

 
Kinetic constants were also determined by 

using regression analysis. Quasi-Newton method in 
Statistica v10 software was used to estimate the 
kinetic constants by using the experimental data. 
The kinetic constants determined from the graphical 
and regression methods are listed in Table 1. 

 
 

 
FIGURE 4 

Double reciprocal plot of 1/Rxo versus 1/So at low simazine concentrations. 
 

 
FIGURE 5 

A plot of 1/Rxo versus initial simazine (So) at high simazine concentrations. 
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TABLE 1 
Estimated kinetic constants using the experimental data 

 
 k (mg-simazine gX-1h-1) Ks (mgL-1) Ksı (mgL-1) R2 

Graphical method 
(Model Prediction 1) 0.055 5.50 3.60 0.99 

Regression Method 
(Model Prediction 2) 0.069 4.62 4.62 0.86 

 
 
High regression coefficients (R2) indicated 

good agreement between the model predictions and 
the experimental data. Experimental data and model 
predictions are compared in Figure 6. The graphical 
method resulted in better fit to the experimental 
data. Therefore, a non-competitive substrate 
inhibition model was found to be suitable for 
biodegradation of simazine by R. rhodocrous. 

Simazine concentrations above 2.7 mg L-1 were 
inhibitory since the rate of simazine degradation 
decreased for concentrations above this level. Low 
KI value for simazine inhibition indicated high level 
of simazine inhibition. In other words the rate 
decreases to one-half of the maximum level when 
simazine is 3.6 mg l-1.  

 
 

 
FIGURE 6 

Comparison of experimental results with the kinetic model predictions 
 
 

CONCLUSIONS 
 

Biodegradation of simazine by the pure 
culture of Rhodococcus rhodochrous (DSMZ 
43241) was investigated at different initial simazine 
concentrations between 0.886 and 4.957 mgL-1. 
Percent simazine removal was 64.2% for 0.886 
mgL-1 initial simazine concentration which dropped 
to 20.5% for the initial simazine of 4.967 mgL-1. 
The rate of biodegradation increased with simazine 
concentration up to 2.7 mgL-1 and decreased for 
higher concentrations due to toxic effects of 
simazine. Monod kinetics with a non-competitive 
substrate inhibition was proposed to describe 

inhibitory effects of high simazine concentrations. 
The kinetic model was correlated with the 
experimental data to determine the kinetic constants. 
The inhibition/saturation constant ratio (Kı/Ks) was 
low, indicating strong inhibition effects at high 
concentrations of simazine for Rhodococcus 
rhodochrous. This study indicated that 
Rhodococcus rhodochrous was effective in 
biodegradation of simazine and may be used in 
activated sludge systems for removal of simazine 
and possibly other pesticides from wastewater.  
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ABSTRACT 
 

Effects of Origanum vulgare oil on oxidant-
antioxidant system in pentachlorophenol-given rat 
were investigated. Total thirty-two Wistar Albino 
race male rats were used. Rats were divided into 
four even groups. Group 1 was assigned control. 
Groups 2, 3, and 4 were given Origanum vulgare 
oil at the dose of 1.5 ml/kg.bw/day, 
pentachlorophenol at the dose of 60 mg/kg.bw/day 
and Origanum vulgare oil at the dose of 1.5 
ml/kg.bw/day plus pentachlorophenol at the dose of 
60 mg/kg.bw/day into the stomach directly, 
respectively, for 21 days. At the end of the 21th day, 
tissues (liver, kidney, brain) and blood samples of 
all groups were taken. Malondialdehyde (MDA) 
and nitric oxide (NO) levels and superoxide 
dismutase (SOD), catalase (CAT) and glutathione 
peroxidase (GSH-Px) activities were measured in 
the all samples. As a result, while 
pentachlorophenol exposure caused oxidative 
damage to erythrocytes and some tissue of rats at 
different rates, Origanum vulgare oil alleviated the 
severity of pentachlorophenol-induced oxidative 
stress. Origanum vulgare oil alone also has not any 
negative effects. In conclusion, Origanum vulgare 
oil can be applied as a therapeutic agent or food 
additive for prophylaxis against exposure to 
pentachlorophenol. 

 
KEYWORDS:  
Pentachlorophenol, Origanum vulgare oil, exposure, 
oxidative stress, rats 

 
 
INTRODUCTION 

 
Pentachlorophenol is a chlorinated aromatic 

compound in solid crystalline form and with a 
colour varying from white to brown.Owing to its 
chemical structure, this compound is referred to as 
penta,2,3,4,5,6pentachlorophenol and chlorophene. 
When heated, it has a strong phenolic odour. It is 
neither inflammable nor corrosive. While its 
solubility is limited in water, pentachlorophenol is 
highly soluble in alcohol [1-6]. Pentachlorophenol 
disrupts the intracellular energy metabolism by 
altering intracellular Na+-K+ ATPase activity [2]. 

Generally, this compound is used as a wood 
preservative and fungicides [3]. Although it can 
also be used for in the textile and leather industries 
[4], and as an herbicide and biocide [5], its use for 
these purposes is on the decrease. In most countries 
its use has either been highly restricted or 
completely abandoned. On the other hand, this 
particular compound continues to be a major 
pesticide for several developing countries [6]. The 
environmental persistence of pentachlorophenol is 
at medium level and highly depends on the change 
of environmental conditions (organic material, 
oxygen, heat, etc.) [7-11]. Across the world, 
Origanum species hold an important place among 
medicinal plants. Of these, Origanum vulgare 
subspecies display the richest variety. Oregano 
(Origanum vulgare) has been used both as a 
medicinal plant and as a food spice. Origanum oil is 
known to have antioxidant effects. The primary 
phenolic compounds found in origanum oil are 
thymol, carvacrol, p-cymene, -fenchyl alcohol and 
-terpinene [12-15].As a result of its widespread 

use, pentachlorophenol is among one of the primary 
environmental contaminants. The accumulation of 
this compound in the environment (soil, water and 
air) also brings about the risk of toxicity. This 
study, carried out in rats, was aimed at the 
demonstration of the protective effect of Origanum 
vulgare oil against subacute intoxication with 
pentachlorophenol, which has common use in 
different areas and is highly toxic for experimental 
animals and mammals. Also, mentioned research 
provides a detailed investigation of the antioxidant 
effects of Origanum vulgare oil. 
 
 

MATERIALS AND METHODS 
 

Animal Material: The study was performed in 
32 male Wistar Albino rats weighing 200-250 g. 
Rats were divided into 4 even groups, comprising 
one control and three experimental. The animals 
consisting of groups 2, 3 and 4 were administered: 
Origanum vulgare oil at the dose of 1.5 
ml/kg.bw/day (Solgar®), pentachlorophenol 
(pentachlorophenol sodium salt 80%, Fluka) at the 
dose of 60 mg/kg.bw/day and pentachlorophenol at 
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the dose of 60 mg/kg.bw/day plus Origanum 
vulgare oil at the dose of 1.5 ml/kg.bw/day into the 
stomach via gavage for 21 days, respectively. 
Pentachlorophenol was dissolved in deionized 
water as vehicle. The animals were maintained at a 
fixed temperature of 20-22 οC and were grown on a 
light regime of 12 h light/12 h dark. They were 
provided with standard laboratory rodent feed pellet 
(3,100 kcal/kg metabolic energy, 23% raw protein 
and 7% crude cellulose) and drinking water ad 
libitum in the experimental period. 
Pentachlorophenol was given in the early morning, 
whilst Origanum vulgare oil was given 6 h after the 
pentachlorophenol treatment performed that day. 
The study protocol was approved by the Animal 
Ethics Committee, University of Erciyes. 

Collection and Preparation of Blood Samples 
and tissues for Analysis: Blood samples were taken 
from all animals into heparinised tubes under light 
ether anaesthesia. All tubes were centrifuged for the 
separation of plasma and blood cells. Following the 
separation of plasma, the erythrocyte layer was 
washed and haemolysed [16]. The tissues extracted 
after their death were homogenized and centrifuged. 
The supernatant was transferred into eppendorf 
tubes. 

Analysis of Biochemical Parameters: 
Following homogenization of tissues (liver, kidney, 
brain), tissue malondialdehyde (MDA) levels were 
measured according to the method described by 
Ohkawa et al. [17], and tissue protein levels were 
determined as described by Lowry et al. [18] and 
modified by Miller [19]. Plasma MDA levels were 
performed in accordance with the method defined 
by Yoshioka et al [20]. Nitric oxide (NO) levels 
were determined as described by Tracey et al. [21]. 
Haemoglobin levels in the haemolysate were done 
by the method described by Fairbanks and Klee 
[22]. Catalase (CAT) activity measurement was 
done as described by Luck [23]. Superoxide 

dismutase (SOD) activity analyses were performed 
in accordance with the method described by Sun et 
al. [24]. The method described by Paglia and 
Valentine [25] was used for glutathione peroxidase 
(GSH-Px) analyses. 

Statistical Analysis: Statistical calculations 
were performed by using ‘’the SPSS 1γ.0 for 
Windows’’ software package programme. Data was 
implied in arithmetical mean and standard 
deviations. Meaningful significant differences 
between the groups were determined by means of 
one-way analysis of variance (ANOVA) and Tukey 
post-hoc test.  

 
 

RESULTS  
 
Origanum vulgare oil: When compared to the 

control group, in the group administered with 
Origanum vulgare oil alone, no significant change 
was observed in the MDA levels of the samples 
analysed. Likewise, no significant difference was 
determined between the groups (groups 1 and 2) for 
tissue and erythrocyte SOD activity. CAT activity 
was ascertained to have significantly decreased in 
the renal and hepatic tissues, in comparison to the 
control group. No significant change was detected 
in the CAT activity of the cerebral tissue and 
erythrocytes. The controls and the group 
administered with Origanum vulgare oil alone did 
not display any statistically significant difference 
for GSH-Px activity, excluding the values measured 
in the renal tissue. While the NO levels were 
determined to have significantly decreased in the 
renal tissue, no statistically significant difference 
was detected in the other biological samples 
analysed (Tables 1-4). 

 
                       

                                                                           
 
                                                                 TABLE 1 
  
 

Parameters  Groups* 
Group 1 Group 2 Group 3 Group 4 

MDA  (nmol/mg-
protein) 

0.80±0.09a 0.78±0.12a 3.17±0.63b 2.37±0.73c 

SOD (U/mg-protein) 3.83±0.59a 3.56±0.81ab 2.57±0.55b 5.43±1.29c 
CAT (k/g-protein) 91.29±17.43a 55.19±18.72b 49.04±14.65b 105.15±13.12a 
GSH-Px (U/g-
protein) 

305.96±65.82a 276.59±22.57a 184.30±43.17b 274.55±56.77a 

NO (µmol/mg-
protein) 

7.00±1.39a 7.05±1.93a 19.83±5.89b  5.66±1.86a 

a,b,c. Means not sharing a common superscript letters differ significantly at p<0.05. 
  * Group 1 control; Group 2 Origanum vulgare oil; Group 3 Pentachlorophenol; Group 4 Origanum 

vulgare oil plus Pentachlorophenol 
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Pentachlorophenol: When compared to the 
control group, in the group administered with 
pentachlorophenol alone, MDA levels were 
observed to have significantlyincreased in the 
hepatic, renal and cerebral tissues as well as in the 
erythrocytes. On the other hand, SOD activity was 
ascertained to have significantly decreased in the 
hepatic, renal and cerebral tissues and erythrocytes, 
in comparison to the control group. While CAT 

activity was determined to have significantly 
decreased in the hepatic and renal tissues and 
erythrocytes, it was observed to have significantly 
increased in the cerebral tissue. Furthermore, GSH-
Px activity had significantly decreased in the liver, 
kidneys, brain and erythrocytes. Compared to the 
controls, NO levels had significantly increased in 
all of the samples analysed (Tables 1-4). 

 
                                                                 
 
                                                                        TABLE 2 
 Effects of Origanum vulgare oil and pentachlorophenol on kidney oxidative stress markers in rats                                
 

Parameters Groups* 
Group 1 Group 2 Group 3 Group 4 

MDA  (nmol/mg-
protein) 

1.32±0.19a 1.39±0.34a 3.11±0.68b 1.51±0.33a 

SOD (U/mg-
protein) 

4.23±0.73a 4.08±0.69ab 3.28±0.43b 5.19±0.81c 

CAT (k/g-protein) 128.87±19.16a 98.02±15.66b 90.33±9.89b 137.39±25.07a 
GSH-Px (U/g-
protein) 

157.09±30.18a 126.39±12.77bc 106.55±15.18c 149.90±22.08ab 

NO (µmol/mg-
protein) 

6.09±1.42a 4.15±1.00b 9.66±0.61c 7.59±1.94a 

a,b,c. Means not sharing a common superscript letters differ significantly at p<0.05 
* Group 1 control; Group 2 Origanum vulgare oil; Group 3 Pentachlorophenol; Group 4 Origanum vulgare oil 
plus Pentachlorophenol 

 
 
Pentachlorophenol and Origanum vulgare oil: 

In general, the values measured in the group 
administered with a combination of 
pentachlorophenol and Origanum vulgare oil were 
determined to have drawn closer to those of the 
control group. However, the statistically significant 
difference determined between the group 
administered with pentachlorophenol alone and the 
controls was determined not to have completely 

disappeared in the group administered with both 
pentachlorophenol and Origanum vulgare oil. 
When compared to the control group, MDA levels 
were determined to have significantly increased in 
the hepatic tissue. SOD activity had significantly 
increased in the hepatic and renal tissues. GSH-Px 
activity had decreased in the cerebral tissue. Plasma 
NO levels had significantly increased (Tables 1-4) 

                                                                
                                                                                  

 
TABLE 3 

Effects of Origanum vulgare oil and pentachlorophenol on brain oxidative stress markers in rats 
 

Parameters Groups* 
Group 1 Group 2 Group 3 Group 4 

MDA  (nmol/mg-
protein) 

0.44±0.16a 0.43±0.24a 1.32±0.37b 0.62±0.23a 

SOD (U/mg-protein) 3.56±1.38a 3.52±1.36a 1.55±0.38b 2.53±0.87ab 
CAT (k/g-protein) 29.93±11.07ab 20.62±6.57a 70.37±11.25c 40.20±10.21b 
GSH-Px (U/g-protein) 101.92±18.01a 89.71±11.68ab 53.18±14.64c 78.09±11.30b 
NO (µmol/mg-protein) 6.75±0.80a 6.01±1.38a 8.80±1.54b 6.44±1.19a 

a,b,c. Means not sharing a common superscript letters differ significantly at p<0.05.  
*. Group 1, control; Group 2, Origanum vulgare oil; Group 3, Pentachlorophenol; Group 4, Origanum vulgare 
oil plus Pentachlorophenol. 

 
 
When compared to the group administered 

with pentachlorophenol alone, MDA levels had 
significantly decreased in all of the samples 
analysed. SOD activity had significantly increased 

in the hepatic and renal tissues. While CAT activity 
was determined to have significantly increased in 
the hepatic and renal tissues and erythrocytes, a 
significant decrease was detected in the cerebral 
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tissue. While GSH-Px activity was ascertained to 
have significantly increased in the hepatic, renal 
and cerebral tissues and erythrocytes, NO levels 

were determined to have significantly decreased in 
the hepatic, renal and cerebral tissues (Tables 1-4). 

 
 

 
TABLE 4 

Effects of Origanum vulgare oil and penthachlorophenol on erythrocytes/plasma oxidative stress markers 
in rats (arithmetic mean±standart deviation). 

 
Parameters Groups* 

Group 1 Group 2 Group 3 Group 4 
MDA  (nmol/mgHb) 0.33±0.09a 0.35±0.20a 0.64±0.16b 0.38±0.20a 
SOD (U/mgHb) 1.25±0.23a 1.19±0.33ab 0.87±0.13b 1.19±0.23ab 
CAT (k/gHb) 93.75±15.36a 77.85±13.18ab 59.50±10.87b 87.78±14.03a 
GSH-Px (U/gHb) 68.71±17.35a 54.98±10.27ab 43.04±7.32b 62.70±14.77a 
NO (µmol/ml 
plasma) 

88.88±18.25a 94.75±22.66ab 132.75±18.29c 116.61±14.37bc 

a,b. Means not sharing a common superscript letters differ significantly at p<0.05.  
*. Group 1, control; Group 2, Origanum vulgare oil; Group 3, pentachlorophenol; Group 4, Origanum vulgare 
oil plus pentachlorophenol. 

 
 
DISCUSSIONS 

 
Xenobiotics such as pesticides and other 

compounds are known to induce oxidative stress 
[26-28]. Pentachlorophenol is a compound, which 
is known to induce oxidative stress, as both the 
primary compound itself and its intermediate 
metabolites resulting from hepatic metabolism 
cause the generation of free radicals [29-31].  

Free radicals are highly reactive products. The 
generation of free radicals, at levels exceeding the 
physiological limits, has adverse effects on both the 
cytoplasmic membrane and the intracellular 
organelles (in particular the lysosome, endoplasmic 
reticulum and mitochondria) as well as on the 
nuclear DNA. The peroxidation of the membrane, 
as a result of the adverse effects of these products 
on this structure which is rich in lipids, brings about 
major changes in the structural components and 
selective permeability of the biological membrane. 
Furthermore, the changes in the intracellular and 
extracellular ion concentrations (increase in the 
intracellular calcium level and changes in the Na/K 
levels) and the functions of the transport proteins 
(e.g. Na-K ATPase)/receptors found in the 
membrane also trigger several adverse effects [32-
38]. The increased severity of these effects causes 
both tissue damage and a disruption of organ 
functions [39-42]. Enzymatic antioxidant 
mechanisms play an essential role in the prevention 
of oxidative stress. Of the antioxidant enzymes, 
SOD converts the superoxide radicals into the less 
harmful hydrogen peroxide (H2O2). Superoxide 
radicals are also involved in the generation of other 
free radicals. Therefore, both the level of the 
superoxide radical in the organism and the 
rendering of this radical harmless, are of great 
concern for the development and severity of lipid 
peroxidation. Another antioxidant enzyme is the 

CAT. The CAT converts H2O2 into the non-toxic 
metabolites, water and oxygen. A third antioxidant 
enzyme, GSH-Px is found in the cell cytosol and 
mitochondria, and converts H2O2 into water [34, 36, 
38, 43]. For the determination of the presence of 
lipid peroxidation and oxidative stress, it is required 
to perform measurements for the intermediate and 
final products of lipid peroxidation and antioxidant 
enzymes in biological materials. One of the 
methods used most commonly for this purpose is 
the assessment of MDA and NO levels and SOD, 
CAT and GSH-Px activities in biological materials 
[36-38, 44-48].     

Owing to their low toxicity, essential oils are 
considered as an alternative to conventional 
pharmaceuticals in both human and veterinary 
medicine [12, 13]. In the group administered with 
Origanum vulgare oil alone, in particular the MDA 
and NO levels not having increased demonstrated 
that this compound did not cause oxidative stress. 
Similar conditions having been detected for most of 
the antioxidant enzyme activities in the biological 
materials analysed, was in support of the results 
obtained for MDA and NO levels. The significant 
decrease detected in the NO levels and CAT and 
GSH-Px activities in some samples was attributed 
to Origanum vulgare oil strengthening the 
antioxidant system (most probably by binding to 
the free radicals generated under physiological 
conditions). Previous research conducted on 
Origanum vulgare oil also suggests this compound 
to have no adverse effect on lipid peroxidation [49, 
50]. 

Pentachlorophenol is a compound that has 
found use at an industrial scale in several fields. 
Although its use has been restricted due to major 
adverse effects, it is still in use in some developing 
countries [1-6, 9]. Several physiological systems are 
affected by exposure to pentachlorophenol, and the 
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most severely affected organs are firstly the liver 
and secondly the kidneys. After being absorbed, 
pentachlorophenol is rapidly distributed to most of 
the tissues and organs (liver, lungs, kidneys, blood, 
adipose tissue and brain). Since it passes through 
the enterohepatic circulation, its residence time in 
the body is rather long. It accumulates in the 
hepatic and renal tissues at a higher level and at 
lower concentrations in the adipose, cerebral and 
muscle tissues. Pentachlorophenol is eliminated, to 
a large extent, from the kidneys. When ingested, 
pentachlorophenol causes severe damage to the 
liver and kidneys, and some biochemical changes in 
the erythrocytes [1-4, 31, 51, 52].  

In the present study, when compared to the 
control group, in the group administered with 
pentachlorophenol alone, the MDA and NO levels 
in the liver, kidneys, brain and erythrocytes/plasma 
having been determined to have significantly 
increased, suggests that this particular compound is 
capable of inducing lipid peroxidation alone. This 
demonstrates that pentachlorophenol leads to the 
generation of free radicals at a high level. The free 
radicals generated, result in the peroxidation of the 
lipid membrane, which significantly increases NO 
and MDA levels. On the other hand, in the group 
administered with pentachlorophenol alone, SOD 
activity was determined to have significantly 
decreased in the hepatic, renal and cerebral tissues 
and erythrocytes, in comparison to the control 
group. While CAT activity was observed to have 
significantly decreased in the hepatic and renal 
tissues and erythrocytes, it was ascertained to have 
significantly increased in the brain. Furthermore, 
GSH-Px activity had significantly decreased in all 
of the samples analysed. These results obtained for 
antioxidant enzyme activity demonstrated that 
pentachlorophenol caused bidirectional changes in 
the parameters investigated. The changes observed 
in the form of inhibition can be interpreted as the 
consumption of the enzymes either individually or 
as a result of it converting the free radicals resulting 
from its metabolism into less harmful or harmless 
products. On the other hand, the changes observed 
in the form of enzyme induction can be interpreted 
as the cellular defense system increasing enzyme 
synthesis with an aim to protect the cell from the 
attack of free radicals. However, both mechanisms 
having failed in maintaining the generation of free 
radicals within physiological limits and lipid 
peroxidation having developed at cellular level can 
be explained with the increase detected in the MDA 
and NO levels. It is considered that these results are 
related to the dose of pentachlorophenol 
administered to the animals, as well as to the length 
of exposure of the animals to this compound. 
Previous researches also suggest that 

pentachlorophenol induces the generation of free 
radicals and leads to significant changes in the 
intermediate and final products of lipid 
peroxidation [29-31, 53-55]. 

Origanum vulgare oil contains several 
components. Of these components, those that have 
a phenolic structure are known to be primarily 
responsible for the antioxidant effect. These 
components show antioxidant effect by means of 
different mechanisms, one which is the direct 
binding of free radicals [13-15,56-60].Thereby, 
under physiological conditions, the cellular 
antioxidant system suffices in preventing the 
development of lipid peroxidation and oxidative 
stress. Another underlying mechanism of the 
antioxidant effect of the phenolic components is the 
chelation of some metals (iron, copper, manganese, 
etc.) required for the reactions involved in the 
generation of free radicals [60, 61]. A third 
mechanism is the direct inhibition of some enzymes 
(i.e. cyclooxygenase, lipoxygenase and xanthine 
oxidase) involved in the generation of free radicals 
and peroxide [61, 62]. The most common phenolic 
compounds found in Origanum vulgare oil are 
thymol, carvacrol, p-cymene, -fenchyl alcohol and 
-terpinene as mentioned before [12-15, 56].  

In the present study, the analysis of the values 
measured in the group administered with both 
pentachlorophenol and Origanum vulgare oil 
demonstrated that, in general, these values had 
drawn closer to the values of the control group. 
However, it was also determined that these changes 
were not in the form of a complete reverse in all of 
the biological materials analysed. Therefore, it can 
be suggested that Origanum vulgare oil did not 
completely eliminate the oxidative stress caused by 
pentachlorophenol. On the other hand, it is 
considered that the antioxidant mechanisms 
explained above played a major role in the 
alleviation of oxidative stress. Therefore, it is 
possible that the generation of free radicals may 
have been reduced, in association with the 
prevention of the lipid peroxidation reactions by 
means of a high level of irreversible binding of the 
free radicals already generated. Finally, it may have 
been possible that the phenolic components of 
Origanum vulgare oil inhibited the enzymes 
involved in the generation of free radicals, and 
thereby, reduced the level of free radicals 
generated. Similar results have been reported in 
previous research on the efficacy of Origanum 
vulgare oil [49, 50].  
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CONCLUSION 
 

In conclusion, when administered at the 
ingested dose for the indicated time period, 
pentachlorophenol was determined to have caused 
oxidative stress. The administration of Origanum 
vulgare oil was ascertained to have significantly 
alleviated this effect. Therefore, the demonstration 
of the possible use of Origanum vulgare oil as a 
supportive agent in intoxication cases bears 
significance for the assessment of new treatment 
options for pentachlorophenol intoxication. 
Similarly, depending on the dose of 
pentachlorophenol ingested in the diet and the 
length of exposure, it is possible that Origanum 
vulgare oil could be used as a protective agent 
against risk of pentachlorophenol exposure.  
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ABSTRACT 
 

The aim of this study was to investigate the 
efficiency of several new types of commercial 
coagulants in the pretreatment of acrylic 
manufacturing process wastewaters. This new type 
of coagulant basicly differs from the convantional 
Al, Fe based inorganic ones in their organic 
structure and biodegrability. In the study, the 
effects of these coagulants on COD, turbidity, color 
(actual and apparent), pH, and the TSS removal of 
acrylic manufacturing wastewater are determined. It 
is stated by the manufacturer that the new type of 
commercial coagulants used in this study are 
capable of removing COD with a percentage of 
around 40, and the TSS around 95%. Also, 
significant color removal can also be achieved in 
textile wastewaters by applying these coagulants. 
Therefore, coagulation with these coagulants may 
be used as an alternative pretreatment instead of 
advanced oxidation processes. The optimum 
working pH values are determinated 
experimentally, and the treatment efficiencies are 
determinated for 5 new types of commercial 
coagulants. It was concluded that the COD removal 
efficiency of the new type cogulants was higher 
than the classical inorganic coagulants by 
approximately 10% when using approximately 3 
times lower dosages. However, the treatment cost is 
2 or 3 times higher than that of the ferrous 
coagulants. The maximum COD removal efficiency 
of the coagulants was determined as 31%. The TSS 
removal is determined to be closer to the efficiency 
given by the manufacturer, but inefficient color 
removal is observed.  
 
KEYWORDS: Acrylic manufacturing wastewaters,  
organic coagulants, pretreatment, COD removal  
 
 
 
 
 
 

INTRODUCTION 
 

The fibres that are used in the textile industry 
are generally classified as both natural and man-
made (synthetic). Synthetic fibres encompass both 
purely synthetic materials of petrochemical origin, 
and regenerative cellulosic materials manufactured 
from wood fibres [1]. It has important advantages 
over natural fibers in terms of its durability, 
resistance to chemicals and cotton-like texture, and 
these features put this sector in a prominent position 
on the global manmade market [2]. This industry is 
over 50 years old, has rapidly progressed over 
recent decades, and has four major product types: 
nylon, polyester, acrylic and polypropylene. The 
first acrylic fiber to be made on a commercial scale 
was orlon [3,4].  

Polyacrylonitrile (PAN) fiber is one of the 
forms of acrylic fiber.  These produced fibers are 
composed of at least 85% by weight of acrylonitrile 
units [5], and are obtained by radical 
polymerisation of acrylonitrile in aqueous 
emulsion, or in solvent. If the obtained polymer is 
composed of 100 % acrylonitrile (also called PAN), 
these fibres posses insufficient dye-binding 
capabilities, due to the high glass transition 
temperature ( > 100 ºC). In this case this polymer is 
no longer used in the textile industry. Acrylic fibres 
(PAC), commonly available today, are anionic 
copolymers, which contain 85 – 89 % of 
acrylonitrile, 4 – 10 % of a non-ionic comonomer 
(vinyl chloride, vinyl acetate, methyl acrylate), and 
0.5 – 1 % of ionic comonomers containing 
sulphonic or sulphate groups [1]. 

Synthetic fibres are typically extruded into 
continuous filaments. The continuous filaments can 
then be used directly (in general, following further 
shaping or texturing), cut into a staple length, and 
then spun in a process resembling the one used for 
wool or cotton. The three main methods are 
available in terms of continuous filaments 
production (primary spinning): these methods are; 
melt, dry and wet spinning [1].  
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Wet spinning is the oldest process. In this 
process the polymer that is used for fiber-forming 
has been dissolved in a solvent. The spinnerets are 
submerged in a chemical bath, and as the filaments 
emerge they precipitate from a solution and thus, 
solidify. Because the solution is extruded directly 
into the precipitating liquid, this process for making 
the fibers is called wet spinning. Acrylic, rayon, 
aramid, modacrylic, and spandex, can be produced 
by this process [6]. For the dry spinning process, 
the polymer is used as dissolved in 
dimethylformamide (DMF). If the fibre is 
manufactured through the wet spinning, besides the 
DMF, dimethylacetamide, dimethylsulphoxide, 
ethyl carbonate and aqueous solutions of inorganic 
salts, or acids, are also used. Residues of these 
solvents ( 0.2 - 2 % of the weight of the fibre) are 
found in the wastewater from the pre-treatment [1]. 
The main environmental issues arising from the 
activities in the textile industry are the refractory 
COD and color [7-9]. In terms of wastewater 
treatment, acrylic fiber manufacturing companies 
typically adopted a conventional biological 
treatment system followed by the physicochemical 
methods of neutralization, coagulation, and 
sedimentation [10]. The membrane processes 
(ultrafiltration and reverse osmosis) were also 
employed too. In addition, a combined three-stage 
process of thermophilic anaerobic/anoxic 
denitrification/aerobic nitrification, fluidized bed 
reactor, and the advanced oxidation processes were 
used to treat acrylic fiber manufacturing wastewater 
[10]. Due to the high organic load, toxicity, and 

presence of biorefractory compounds, the biological 
processes were not efficient in terms of acrylic fiber 
manufacturing wastewater treatment [10]. 

The aim of this study is to investigate the pre-
treatment efficiency of the five new type organic 
coagulants in acrylic fiber manufacturing 
wastewaters.   
 
 

MATERIALS AND METHODS 
 

SAMPLE USED 
 

The wastewater used in this research was 
taken from an acrylic polymer manufacturing 
factory where the manufacturing process was based 
on the application of both wet spinning and dying 
processes.  The 24 hour composite wastewater 
sample was collected, and all the experiments were 
conducted with this sample.  
 

TREATABILITY EXPERIMENTS 
 

5 new types of coagulant and 1 flocculant 
(anionic type, 1g/L concentration), which are 
commercially avalilable were obtained. The high 
biodegrability and organic structure are the basic 
differences between these coagulants and the Al-Fe 
based conventional ones. The information about the 
coagulants used in this study is given in Table 1 
below.  
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TABLE 1 
Specifications of the coagulants used in this research [11] 



No Content 
Physical 
condition pH 

Density 
(g/cm3) Ecological info 

Dilution 
prepared 
mL/100m

L 

Dilution
pH 

1 Cationic dicyandiamide 
formaldehyde 

liquid, 
colorless 4-5 1.05-1.10 organic %100 

biodegrable 1 5.05 

2 Polyaluminiumchloride 
hydroxidesulphate liquid, clear 2-3 1.30-1.33 organic %100 

biodegrable 1 4.06 

3 

Mixture of 
Polydiallydimetil 
Amonium chloride and 
cationic emulsion 
polymer 

liquid, 
white 4-5 1.30-1.33 organic %100 

biodegrable 1 4.71 

4 

Mixture of 
Poliquarternaryamin 
and cross-link cationic 
emulsion polymer 

liquid, 
reddish 6-7 1.02-1.06 organic %100 

biodegrable 1 4.64 

5 
Mixture of polydially 
dimethyl ammonium 
chloride and solvent 

liquid, 
yellowish 2.5-3 1.30-1.33 organic %100 

biodegrable 1 3.97 

The methodology utilized for the jar test experiments are summarized in Table 2 below [12]. 
 
 

TABLE 2 
Experimental methodology 


Step Processes 
pH maintenance pH maintenance was carried according to further details on 500 mL of 

wastewater sample 
Coagulation Coagulants added to sample according to further details given at the first 

and second step of the experimentthen Sample was stirred for 5 min at 120 
rpm 

Flocculation 2 mL of anionic polyelectrolyte was added to sample and stirred for 30 
min at 10 rpm after coagulation  

Settling  The sample was allowed to slowly settle for 30 min after flocculation 
 
 

0.01 N NaOH and 0.01 N HCl was used for 
pH adjustment. At the end of the jar test procedure; 
the TSS, COD (total and soluble), color, and 
turbidity (apperant and true) measurements were 
conducted for every samples’ supernatant phase. 
 

ANALYTICAL PROCEDURE  
 

The parameters and methods which were used 
in this research are given in Table 3 below. For a 

better understanding of the color removal 
mechanisim, 2 different color measurement 
methods were used. The true color measurement is 
the method that was utilized for the sample after the 
filtration of the particles that caused turbidity. The 
apperant color measurement is the method that was 
utilized for the sample without any pretreatment 
step. 
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TABLE 3 
Parameters and methods [13] 

 
Parameter Method 
TSS Gravimetric Method, SM 2540:D 
COD Open Reflux Method, SM 5220:B 
Color Spektrophotometric Method, SM 2120:C 
Tubidity Spektrophotometric Method, SM 2130:B 

 
 

RESULTS AND DISCUSSION 
 

WASTEWATER CHARACTERISTIC 
 

The wastewater characteristics are shown in 
Table 4 below.  

As seen from Table 4, the important part of 
the COD was composed of dissolved COD.  
 

In this context, the COD portion that can be 
removed by chemical treatment was limited with 
the suspended part that corresponds to 36.2 % of 
the COD, and practically, the chemical treatment 
efficiency cannot exceed this portion. 

 
 

TABLE 4 
Wastewater characterictics of the investigated wastewater 



Sample  
Name 

TSS 
(mg/L) 

Real 
color 

(Pt-Co) 

Apparent 
color 

(Pt-Co) 

COD 
(mg/L) 

Particulate COD 
(mg/L) 

Soluble  
COD 

(mg/L) 

Turbidity 
(NTU) 

 
pH 

Acrylic manufacturing 290 855 6218 1892 696 1196 48 6.76 
 
 

According to the Table, the real color of the 
sample was determined as 855 Pt-Co, but the 
apparent color was determined as 6218 Pt-Co. This 
difference came from the membrane filtration (0.45 
µm) process that was utilized for the real color 
determination as a pre-treatment, but in the 
apparent color determination, there was no pre-
treatment step, and the determination was 
conducted with the raw sample.  

When the characterization of the wastewater 
was compared with the literature, it was found that 
it was indeed, compatible with the literature. The 
literature data shows that wastewater 
characterization can differ according to either the 
main process used or the different additional 
processes. The results of the wastewater 
characterization obtained from the literature are 
given in Table 5. 

 
 

TABLE 5 
Characterization of various acrylic fiber manufacturing wastewaters 

 
Parameter Literature 

[14] [15] [10] [16] 
COD 1091 800-1000 4378-4611 921 
pH 6.56 7.0 3.0-3.8 5.7 
TSS N.A* 50 N.A* N.A* 
*N.A: not available in the text. 
 
 

The characterization adopted from [10] was 
quite complicated because the process which was 
investigated in this study included an acrylonitrile 
unit, a vinyl acetate unit, and the wastewater also 

included also oligomers, DMAc, EDTA, and 
sulfate.  
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TREATABILITY EXPERIMENTS 
 

Optimum pH Determinations. At the first 
stage of the experiments, the optimum pH values of 
the 5 different coagulants were determined with the 
aid of an anionic polyelectrolyte. For this purpose, 
the settling efficiency of the coagulants were 
determined at the fixed coagulant dosage at five 
different pH values. The pH value interval was 
determined between the 6.5-8.5 range (6.5, 7.0, 7.5, 
8.0, 8.5) considering the pH of the wastewater was 
close to a neutral pH, the wastewater was able to 
enter the other treatment step following the pre-

treament step, and the greater amounts of chemicals 
for the pH adjustment would increase the operating 
cost.  

In the context of the optimum pH 
determination study including the 5 pH values, the 
coagulant dosage was utilized as 4 mL for all of the 
5 coagulants, and the anionic polyelectrolyte dosage 
was 2 mL. After the coagulation-flocculation 
process, the turbidity measurement was conducted 
for every sample at different pH values, and then 
the optimum pH was determined for each of the 5 
coagulants. The achieved results are shown in  
Figure 1 below.   

 
 

 
FIGURE 1 

Optimum pH determinations of the coagulants at the fixed dosage  
 
 

According to Figure 1, it can be seen that 
results were close for all of the coagulants.  The 
lowest turbidity results were obtained for the 
coagulant 1 and 2 (7 and 5.9 NTU respectively) 
when the pH value was 7. In terms of coagulant 2 
and 4 (13 and 5.5 NTU respectively), the same 
lowest results were obtained with both pH values 
being  7 and 7.5. It was understood that the pH 
variation between 7-7.5 values did not  impact on 
the efficiency of the chemicals. The optimum pH 
value was determined as 8 in terms of the turbidity 
removal (7 NTU) for the coagulant 5.  

When the optimum pH of the chemical 
treatment process was compared with the fenton 
oxidation and ferrous combined systems for acrylic 
fiber manufacturing wastewaters, it was determined 
that the pH value had a decisive effect on the 

oxidation potential. When the pH value was 3.0, a 
peak was obtained both for the overall COD 
removal and the COD removal by oxidation [10].  
These results indicated that working at a neutral pH 
for the investigated coagulants was suitable, and in  
this way, the requirement of the pH adjustment like 
the fenton process is minimized.  

Treatment efficiencies. In the second stage of 
the study, the optimum contaminant removal 
dosages were determined for the aforementioned 
coagulants according to the optimum pH values 
determined in  the first stage of the work. In this 
case the jar test was repeated for each of the 5 
coagulants at four different dosages (2-4-6-8 mL) 
with the aid of an anionic polyelectrolyte. In this 
context, the chemical concentrations calculated for 
each dosage are given in Table 6 below. 

 
 
  













           














    



by PSP Volume 25 – No. 1/ 2016, pages 130-141 Fresenius Environmental Bulletin    


135 




TABLE 6 
Chemical concentration calculations of 4 different dosages utilized for jar tests 


Chemical dosage 
(mL) 

Chemical concentration 
(ppm/mL dosage) 

Concentration in the sample 
ppm/500mL 

2 20000  40 
4 40000 80 
6 60000 120 
8 80000 160 
 
 

According to the results, the parameter based 
removal efficiencies and optimum contaminant 
removal dosages of the coagulants were determined 
Within the context of the study, the turbidity 
removal efficiency of 5 different coagulants was 

investigated with the aid of anionic polyelectrolide. 
The experimental results are given in Figure 2. 
According to Figure 2, it was determined from that 
the treatment efficiency increased with the 
increased coagulant dosages. 

 
 

 
FIGURE 2 

Turbidity removal efficiency of the coagulants at different dosages 
 
 

However, in the case of coagulant 4, the 
highest turbidity removal efficiency was determined 
for the lowest (40 ppm) dosage; the removal 
effiency decreased along with the increased dosage 
and, at the highest dosage (160 ppm) it was found 
to increase again. The highest turbidity removal 
efficiency was obtained for coagulant 4 at a 160 
ppm dosage (yield 92.3%). The lowest removal 

efficiency was achieved for coagulant 2 for the 40 
ppm dosage (64.6%). When all trials had been 
considered, the average removal efficiency was 
identified as 83.6% in terms of turbidity removal. 

TSS removal efficiency of the acrylic fiber 
manufacturing wastewater was investigated for the 
same dosages conducted for turbidity removal 
experiments. The result is given in Figure 3.  
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FIGURE 3 

TSS removal efficiency of the 5 coagulants at 4 different dosages 
 
 

It can be seen from Figure 3, that in general, 
the removal effiency increased with the increasing 
coagulant dosages as obtained for the turbidity. 
This is especially true in terms of the findings from 
the coagulants 2 and 5 experiments as they fully 
fitted in with this trend. However, the removal 
efficiency of the coagulants 1, 3, 4, increased with 
the dosages up to 80 ppm, and a significant increase 
in the removal efficiency was not observed for any 
dosages higher than 80 ppm. 

The TSS and turbidity removal figures which 
were similar to each other indicated that, the TSS 
was the most important turbidity source for the 

wastewater, and significant levels of turbidiy 
removal was achieved by means of the TSS 
removal. The maximum TSS removal efficincy was 
obtained as 89 % by using 80 ppm of the coagulant 
4. The average removal efficiency of the coagulants 
was determined as 77.5%.  

The true color and apperant color were 
determined as 855 and 6218 Pt-Co respectively, for 
the raw wastewater.  

The true color removal efficiencies for the 5 
different coagulant for the 4 different dosages are 
given in Figure 4 below.  

 

 
 

FIGURE 4 
True Color removal efficiency of the 5 coagulants at 4 different dosages 
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According to Figure 4, apart from coagulant 3, 
the true color increased along with the increased 
coagulant dosage. This fact indicated that the 
coagulants elevated the true color of the 
wastewater. Only an 18% true color treatment 

efficiency was achieved for coagulant 3 at a 
40 ppm dosage.  

The apparent color measurement results are 
given in Figure 5.  

FIGURE 5 
Apparent Color removal efficiency of the 5 coagulants at 4 different dosages 

According to Figure 5, the removal efficiency 
of coagulant 2 increased with the increased dosage, 
and a maximum removal efficiency was determined 
as 24.6% for the 160 ppm dosage. In terms of 
coagulants 4 and 3, the removal efficiency 
increased up to a 120 ppm dosage. At a 120 ppm 
dosage, the efficiency decreased to the same level 
of the 40 ppm dosage. At the 160 ppm dosage, the 
efficiency increased to the same level as the 80 ppm 
dosage. The maximum removal efficiencies of 
coagulants 4 and 3 were observed at 18.8% and 
24.5% respectively. In terms of coagulants 1 and 5, 
the removal efficiency increased up to a 160 ppm 
dosage. At a 160 ppm dosage, the efficiency 
decreased to the same level as the 80 ppm dosage. 
The maximum removal efficiencies of coagulants 1 
and 5 were observed as 21% and 23.4% 
respectively. 

The true and apperant color measurement 
results indicated that, an important part of the TSS 
was removed by the coagulants, but its effect on 
color removal was limited because dissolved solids 
were the main color source of the wastewater. The 
true color, turbidity, and TSS removal figures, 
which were seen to fit each other also indicated that 
this was the case.  

The color of the wastewater sample mainly came 
from the dying process. According to the literature, 
chemical coagulation is not effective in the removal 
of dissolved reactive dyestuffs as there is no single 
process capable of color removal because the 
effluents of the dying process are complex in nature 
[17,18]. Because of this, in practice, a combination 
of different processes are often used to achieve the 
desired treatment efficiency, and in the most 
economical way. According to the literature, these 
systems consist mainly of a combination of 
adsorption-biological treatment systems in order to 
both improve the biodegradation of the dyestuffs, 
and minimize sludge production [17,18]. In this 
study, the obtained color removal efficiencies were 
confirmed from the literature findings.  

The COD was another parameter where 
removal efficiency was investigated. For a better 
understanding of the coagulants COD removal 
efficiency, their  measurements were conducted 
both for the particulate and the soluble phase, and 
then the removal efficiency was determinated for 
both of them. In the context of the study, the total 
COD removal efficiency of the five coagulants at 4 
different dosages are given in Figure 6 below.  
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FIGURE 6 
Total COD removal efficiency of the coagulants at different dosages 

 
 

In terms of total COD removal, 80 ppm was 
the optimum dosage for all of the coagulants, and 
increasing the dosage had no effect on the removal 
efficiency. In terms of the total COD, both the 
maximum and average removal efficiencies were 
determined as 31% and 26% respectively. 
According to [16] the effluent of the acrylic fiber 
manufacturing factory was subjected to coagulation 
via poly aluminum chloride (PAC). According to 

the results, the PAC removed most of the low 
polymers, and the removal efficiency was 
determined as 21.4%. These results indicated that 
the new type of coagulants had a better total COD 
removal when compared to the PAC.  

In the context of the study, the particulate 
COD removal efficiencies of the 5 coagulants are 
given in Figure 7 below.  

 

 
 

FIGURE 7 
Particulate COD removal efficiency of the coagulants at 4 different dosages 



According to Figure 7, it was concluded that 
the particulate COD removal and the total COD 
removal efficiencies were similar to each other. 
This case indicated that the particulate phase of the 
total COD was usually removed by the coagulants 
used in this research. The maximum particulate 
COD removal efficiency was determined as 99.6% 
for coagulant 5 at a 40 ppm dosage. For this 
coagulant, the efficiency decreased for dosages 
higher than 40 ppm. In terms of coagulants 2 and 3, 
the removal efficiency increased along with the 

increased dosage. However, the removal efficiency 
decreased for the coagulants coded 4 up to a 160 
ppm dosage but the maximum removal efficiency 
was achieved for the 160 ppm dosage. For the 
coagulant 1, the removal efficiency increased up to 
a 160 ppm dosage. The average and minimum 
particulate COD removal efficiency was observed 
as 59% and 37.9% respectively. The 
correspondancy of the Particulate COD, the 
turbidity, and the TSS removal figures, indicated 
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that the turbidity and particulate COD decreased 
along with the TSS removal.  

The soluble COD removal efficiences of the 5 
coagulants are given in Figure 8 below. It is 
obvious from the the Figure that the soluble COD 
removal was considerably limited. The maximum 
soluble COD removal was determined as 16.9% for 

the coagulant 5 at 80 ppm dosage. In this 
case, it was determined that the important part of 
the total COD removal efficiency was constituted 
by the particulated COD removal, and in terms of 
soluble part, there was no remarkable removal 
efficiency.  

 
 

 
 

FIGURE 8 
Soluble COD removal efficiency of the coagulants at different dosages 


 

Li et al, 2012, used the fenton process 
combined with the coagulation by ferrous to pre-
treat the acrylic fiber manufacturing wastewaters. 
The COD removal by coagulation was approx 10% 
when the ferrous dosage was 100 ppm. An 
approximate 20% COD removal was obtained when 
the dosage was increased to 300 ppm. When the 
ferrous was combined with the fenton (500 ppm), 
the total removal was increased to 62%. When the 
research results were compared with the 
aforementioned literature that dealt with ferrous, it 
was clear that the new type of coagulants provided 
a higher removal efficiency with lower dosages. 
However, when conventional coagulants were 

combined with the oxidation process, the removal 
efficiency increased twice as much as with the new 
type coagulants.  

According to the Turkish Water Pollution 
Control Regulation Table 10.7 [19], COD and color 
limit values are enforced as 300 mg/L and 260 Pt-
Co respectively. To meet these limit values, 77% 
COD and 63% color removals are required. 
Methods such as biological oxidation or activated 
carbon adsorption can be used as consequtive 
treatment steps for achieving the limit values [17]. 

The average removal efficiencies of the 
coagulants on the basis of the parameters are given 
in Figure 9 below. 
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FIGURE 9 
Average removal efficiencies of coagulants on the basis of parameters 

According to the Figure; in terms of color 
removal,  the most effective is coagulant 3, for the 
turbidity, TSS, and the total COD, the most 
effective  is coagulant 4, and for the particulate and 
soluble COD, coagulant 5 is the most effective.  

Treatment cost. The cost analysis based on 
the maximum COD removal efficiency. The cost of 
1 L of coagulant is approximately 0.50 euro [20], 
and 1kg of anionic polyelektrolite is approximately 
4.96 euro [21]. For the optimum dosage of 80 ppm 
and 1 ton of wastewater treatment, the total cost 
was estimated to be approximately 0.05 euro or 50 
euro for 1000 tons of wastewater on the basis of the 
chemical cost. In the case of the ferrous coagulants, 
the cost of 1 kg coagulant is between 0.046 - 0.092 
euro. For the 300 ppm dosage given in the 
literature, 1 ton of the wastewater treatment total 
cost was estimated to be approximately 0.014 - 
0.028 euro or 14- 28 euro for 1000 tons of 
wastewater on the basis of the chemical cost [22]. 
As a result, the new type of organic coagulants with 
better treatment efficiencies cost 2 or 3 times more.  

CONCLUSION 

In the context of this study, the pretreatment of 
acrylic fiber manufacturing wastewaters originating 
from wet spinning and dying processes via 5 
different new type coagulants were investigated. 
According to the results; a true color removal 
efficiency (18%) was only achieved via coagulant 
3, at a 40 ppm dosage, and true color removal could 
not be achieved in any of the other coagulants. 
Also, the true color of the wastewater sample was 
increased by the coagulants.  

The COD results indicated that the colloidal and 
suspended parts of the COD were removed 
effectively, but as expected, a considerably limited 
removal efficiency was obtained in terms of the 
soluble part of the total COD. When the parameter 
based removal efficiencies of the coagulants were 
examined, the coagulant that gave the maximum 
removal efficiency for each parameter seemed to be 
different. The maximum true color removal 
efficiency of 18% was achieved by using coagulant 
3, the maximum total COD and TSS removal 
efficiencies of 31% and 89% respectively were 
achieved by using chemical coded 4, and in terms 
of the TSS, a maximum removal efficiency of 89% 
was achieved by using chemical coded 4. In terms 
of cost analysis based on COD removal, a higher 
removal was achieved at lower dosages, but the cost 
was 2 to 3 times higher when compared to 
conventional ferrous coagulants.  

The application of the new type coagulants 
was more effective than the conventional ones in 
terms of COD and TSS removal, but coagulation-
flocculation alone was not adequate in achieving 
the discharge limits, and also was more expensive 
than conventional coagulants. Therefore, treatment 
units such as activated sludge, must be used after 
the coagulation-flocculation process.  
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ABSTRACT 
 
The aim of the study was to verify whether 

exogenous selenium (Se) influences the growth and 
photosynthetic pigments content in cucumber 
(Cucumis sativus L.) seedlings. Seedlings were 
grown on Hoagland’s nutrient solution with sodium 
selenite (1, 5 or 10 µM) or without it (control). 
Exogenous Se caused a marked increase in the 
accumulation of endogenous Se in roots and 
cotyledons of cucumber seedlings. The highest 
content of Se in tissues was noted at 10 µM Se; the 
levels of Se in roots and cotyledons were higher 
than before supply of Se, by 66% and 50%, 
respectively. Seedlings growing on a medium with 
sodium selenite exhibited a growth reduction in 
relation to the control. Se at the highest 
concentration (10 µM) decreased fresh weight of 
roots and cotyledons by about 20% and 40%, 
respectively. An increase in dry weight/fresh 
weight ratios of cotyledons exposed to 5 and 10 µM 
Se was found. Increasing concentrations of Se in 
the nutrient solution resulted in a linear increase in 
chlorophyll a and b as well as carotenoids contents. 
Chlorophyll a/b ratio was enhanced with increasing 
Se concentrations. These results indicate that 
exogenous Se at higher concentration (5 and 10 
µM) limited the growth of plants but did not inhibit 
the content of photosynthetic pigments. 
 
KEYWORDS: Cucumis sativus L., photosynthetic 
pigments, plant growth, selenium, toxicity 
 
 

INTRODUCTION 
 
The biological significance of selenium (Se) in 

human and animal metabolism is well documented 
[1, 2]. In contrast, there are still many questions 
about the role of Se in higher plants. However, over 
the last two decades Se has been shown to affect 
many physiological processes in plants, including 
the growth [3, 4]. Se is known as the “double-edged 
sword element” for its dual toxic and beneficial 
activity depending on the dosage; thus some data 

show its positive effects on plant species at low 
concentrations, and negative at higher. Much 
attention has been focused on studies of Se 
influence on plants under various stress conditions 
[5, 6, 7, 8]. It has been demonstrated that 
exogenous Se can promote the growth of plants 
subjected to high-energy radiation by enhancing 
their antioxidative capacity [9, 10]. In contrast, Se 
at high concentrations can act as a prooxidant 
reducing yield [11, 12]. At concentrations of 10-30 
µM Se exerted an adverse effect on antioxidant 
enzymes activities and growth of sorrel seedlings 
[13]. An inhibitory effect of Se on growth has also 
been reported for ryegrass (above 10 mg kg–1 soil) 
and lettuce (1.0 mg kg–1 soil) [14].  

The different plant responses to the same Se 
dose may be partly explained by the form in which 
Se is supplied to the roots. In aerobic soils the 
predominant inorganic Se forms are selenate (SeO4

–

2) and selenite (SeO3
–2), depending on the redox 

potential and pH. Selenate was found to be more 
easily distributed from the roots to shoots than 
selenite. Moreover, the uptake, further translocation 
and accumulation of Se within the plant are 
determined also by its concentration in growth 
medium [15, 16]. 

The aim of the study was to examine whether 
exogenous Se at different concentrations in the 
nutrient medium affects the growth of cucumber 
(Cucumis sativus L.) seedlings and photosynthetic 
pigments content.  

 
 
MATERIALS AND METHODS 
 
Plant material and growth conditions. The 

hydroponic experiments were carried out in a 
controlled-environment growth chamber with the 
following conditions: a 14-h light period day with a 
light intensity of 140 W m–2 (Philips lamps), at 
27/23 °C day/night temperatures and relative 
humidity of about 50%. Cucumber (C. sativus L. 
cv. Dar) seeds were surface-sterilized in 0.25% 
(v/v) sodium hypochlorite (NaOCl) for 5 min and 
rinsed with double-distilled water. Seeds were 
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germinated on plates with moist filter paper for 7 
days. The uniform and best-developed seedlings 
were then transferred into a modified 1/5 strength 

aerated Hoagland nutrient solution (Table 1) for the 
next 4 days.  

 
 

TABLE 1 
Composition of the modified 1/5 strength Hoagland nutrient solution used in the experiments 

 
Hoagland solution 

Macronutrient salts 
 

Concentration 
(mM) 

Micronutrient salts 
 

Concentration 
(µM) 

KH2PO4 0.1  H3BO3 3.0  
KNO3 1.0  MnCl2 · 4H2O 1.0  

Ca(NO3)2 · 4H2O 1.0  ZnSO4 · 7H2O 1.0  
MgSO4 · 7H2O 0.457  CuSO4 · 5H2O 1.0  
Fe(III)-EDTA 0.06 (NH4)6Mo7O24 1.0  

 
 
It was added to the Hoagland’s medium as 

sodium selenite (Na2SeO3 · 5H2O) at concentrations 
of 1, 5 and 10 µM. Each treatment had three 
replicates. Cucumber seedlings were grown on the 
Hoagland’s medium with sodium selenite for 96 h. 
Samples were collected after 96 h of culture. 
Analyses of photosynthetic pigments content were 
performed on fresh sample material, while to 
determine Se concentration samples were dried. 

 
Growth indices. The growth of cucumber 

seedlings was determined by measuring the fresh 
weight (FW) and dry weight (DW) of cotyledons 
and the root system as well as the area of 
cotyledons per seedling. DWs were recorded after 
oven-drying at 65°C to a constant weight. 
DigiShape software (Cortex Nova, Poland) was 
used to estimate the area of cotyledons.  

 
Photosynthetic pigments. Total chlorophyll 

(Chl) and carotenoids (Car) were extracted by 
dimethylsulfoxide (DMSO) according to the 
method of [17]. Samples (0.05 g) of cotyledons 
were placed in glass tubes containing 5 cm3 DMSO. 
Samples were incubated in a water bath at 65°C for 
one hour, in the dark. Absorbance was measured 
spectrophotometrically (Jasco V-530, Tokyo, 
Japan) at 480, 649 and 665 nm, relative to a DMSO 
blank. Chlorophyll a (Chl a) and b (Chl b) as well 
as total carotenoids (Car) contents were calculated 
following the equations proposed in [18].  

 

Determination of total Se. Collected samples 
were washed with deionized water, dried in an 
electric drier at 105±5ºC for 96 hours, and then 
ground for 2 min in a laboratory Cutting Boll Mill 
PM 200 by RETSCH. The material was mineralized 
with 65% HNO3 (Fluka) and 30% H2O2 (POCH) in 
a CEM Mars 5 Xpress microwave mineralization 
system (CEM, Matthews, NC), according to a 
microwave program composed of three stages: first 
stage – temperature 120ºC, 6 min at power 800 W; 
second stage – temperature 150ºC, 10 min at power 
1600 W; third stage – temperature 200ºC, 10 min at 
power 1600 W. After digestion and filtration 
through 45-mm filters (Qualitative Filter Papers 
Whatman, Grade 595: 4–7 µm), the supernatant 
was diluted with deionized water [Milli-Q 
Academic System (non-TOC)] to a final volume of 
50 cm3.  

Se concentration was analyzed with hydride 
generation atomic absorption spectrometry 
(HGAAS) using a Varian SpectrAA Duo-
AA280FS/AA280Z spectrometer (Varian Inc., 
Mulgrave, Victoria, Australia) equipped with a 
Varian hollow-cathode lamp (HCL). Calibration 
curves were prepared before the analysis with five 
replicates per Se concentration out of stock solution 
of 1 g dm-3 (Fluka). Solutions of individual Se 
concentrations were prepared from analytical grade 
nitrate (V) standard solutions (Merck KGaA, 
Darmstadt, Germany) dissolved in deionized water. 
The characteristics of analytical parameters of the 
applied technique are presented in Table 2.  
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TABLE 2 
Experimental conditions of used technique and statistical parameters of the calibration curve 

 
Parameter Unit Se 

Technique  HGAAS 
Wavelength Nm 196.0 
Slit width Nm 0.5R 
Lamp current mA --- 

Model Quadratic – provides a second order  
least squares line forced through zero 

Sensitivity B(x) 0.06 
Limit of detection mg kg–1 0.17 
Minimum concentration Cmin/mg kg–1 0.11 
Maximum concentration Cmax/mg kg-1 0.71 
Correlation coefficient R 0.9991 

 
 
To verify quality of analytical results, three 

certified reference materials were used: Leaves of 
Poplar (NCS DC 73350), Bush Branches and 
Leaves (NCS DC 73348) and Pine Needles (NIST 

SRM 1575a), which were analyzed in every tenth 
measuring set. The characteristics of obtained 
results are presented in Table 3. 

 
 

TABLE 3 
Comparison of selected results in own results (OR) with reference values of selenium concentration (mg 

kg-1 DW) in particular CRMs of plants 
 

CRM Reference value Own result 
NCS DC 73348 0.310±0.030 0.320±0.040 
NCS DC 73350 0.069±0.007 0.071±0.008 
NIST SRM 1575a 0.099±0.004 0.096±0.003 

 
 

Statistical analysis. The statistical analyses 
were carried out using Statistica 9.0 software 
package (StatSoft, Tulsa, USA). A one-way 
analysis of variance (one-way ANOVA) was 
performed on the data. All data represent the means 
from three independent experiments. Results are 
presented as means calculated with three replicates. 
Individual treatment means were compared with 
Duncan’s test to determine their statistical 
significance at the 0.05 probability level. 
Statistically significant differences were indicated 
by different letters reported in figures. Similar 
letters indicate no significant differences between 

mean values. Pearson correlation coefficients with 
alpha level fixed at 5% were calculated for the 
relationships between Se accumulation and 
measured parameters. 
 
 

RESULTS AND DISCUSSION 
 
Effects of Se supply on growth indices. The 

growth of cucumber seedlings was different 
depending on Se concentration in nutrient solution 
(Table 4).  
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TABLE 4 
The effect of Se addition (as Na2SeO3 · 5H2O) on selected growth parameters of cucumber seedlings 

 

Concentration 
of Se (µM) 

 Root    Cotyledons  

FW 
(mg/plant) 

DW 
(mg/plant) 

DW/FW 
ratio 

FW 
(mg/plant) 

DW 
(mg/plant) 

DW/FW 
ratio 

Area of 
cotyledons 
(cm2/plant) 

0 102.632a 4.265a 0.0416a 139.973a 8.913a 0.0637b 6.779a 
1 98.776ab 4.084a 0.0413a 133.126a 8.607ab 0.0647b 6.360a 
5 93.676b 3.968a 0.0423a 105.096b 7.713bc 0.0737ab 4.636b 
10 82.550c 3.788a 0.0459a 82.322c 6.866c 0.0840a 4.102c 

The means in each column followed by the same letter do not differ at p≤0.05 (one-way ANOVA/Duncan range 
test). 

 
 
In the presence of 5 and 10 µM Se a significant 

reduction in FW and DW of roots and cotyledons 
was found. At the highest concentration of Se (10 
µM) the FW of roots and cotyledons decreased by 
about 20% and 40%, respectively, as compared to 
the control. However, the negative effect of Se on 
roots DW was small (about 11%). The lowest Se 
concentration (1 µM) did not generally affect either 
FW or DW of roots and cotyledons. The DW/FW 
ratio of cotyledons showed an increase in seedlings 
exposed to 5 and 10 µM Se. Moreover, Se addition 
affected the surface area of cotyledons and after 
introducing 10 µM Se into the nutrient solution it 
was about 40% smaller than the control.  

In recent years research concerning the role of 
Se in plants has been extensively discussed. 
Although there is still no proof that this chemical 
element is essential in plant cells, some studies 
have reported beneficial effects of low Se 
concentration on plant growth. Se at the 
concentrations of 1–5 µM tends to promote the 
growth and activities of antioxidant enzymes 
(superoxide dismutase and peroxidase) of sorrel 
seedlings subjected to salinity, indicating that this 
effect of Se may be related to its antioxidative 
function [13]. Se concentrations such as 5–10 µM 
Se enhanced the growth of cucumber seedlings 
subjected to salt stress [19].  

In the present study a growth-promoting effect 
of Se was not observed in the young seedlings of 
cucumber. The growth of roots and cotyledons was 
unaffected at the lowest Se concentration (1 µM 
Se), while higher Se concentration significantly 
decreased both FW and DW of cotyledons. FWs of 
cotyledons were 1.33 and 1.70 times lower whereas 
DWs were 1.15 and 1.30 times lower for 5 µM and 
10 µM, respectively, as compared to the control.  

The reduction of FW and DW of seedlings 
cultured on medium with Se is a symptom of the 
Se-evoked stress. Perhaps it is related to the 
disturbance of mineral balance of plants [20, 21]. 
According to numerous authors the range of Se 
concentrations causing a significant growth 
reduction varies among different plant species. 
Alterations of growth parameters in the leaves of 
coffee seedlings at 1000 µM Na2SeO3 were 
observed [22]. Treatments with 1, 2 and 3 mg Se 
kg–1 soil promoted biomass accumulation of wheat 
seedlings exposed to enhanced UV-B radiation 
[23]. In turn, in the presence of 1 and 2.5 mg 
Na2SeO3 kg–1 soil no significant differences of FW 
and DW production of Indian mustard plants were 
detected [24]. Similar results were obtained in 
lettuce seedlings, in which the lower Se additions 
(0.1–1.0 mg kg–1) did not affect either FW or DW 
of the younger plants despite an increase in total 
chlorophyll, but did stimulate the growth of 
senescing seedlings [25]. 

In addition, in this study the DW/FW ratios for 
cotyledons of seedlings exposed at 5 and 10 µM Se 
were 1.16- and 1.32-fold higher, respectively, than 
for the control. This may be related to a reduction 
in water content as a consequence of disorder in 
water uptake and translocation through the plant. It 
was observed, water content in dicotyledonous 
plants decreased very rapidly with increasing Se 
(IV) concentrations, primarily in the shoots, while it 
did not change significantly in the roots [26]. 

 
Effects of Se supply on photosynthetic 

pigments content. The amount of chlorophylls (a 
and b) and total carotenoids (Car) in the cotyledons 
of cucumber seedlings changed in the presence of 
Se as compared to the control (Fig. 1).  
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FIGURE 1 
The effect of exogenous Se (as Na2SeO3 · 5H2O) on chlorophylls (A) and carotenoids (B) contents in 

cotyledons of cucumber seedlings. The means followed by the same letter do not differ at p≤0.05 (one-way 
ANOVA/Duncan range test) 

 
 
The level of total chlorophyll content at 1, 5 

and 10 µM Se increased by 23%, 40% and 62%, 
respectively. It should be emphasized that the 
highest increase in the total chlorophyll content, 
including chlorophyll b, was observed at 

concentration of 10 µM Se. Carotenoids (Car) 
content changed significantly only at 5 and 10 µM 
Se. The highest Se concentration caused an increase 
of Car accumulation by about 80%. The determined 
pigment ratios are presented in Fig. 2.  
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FIGURE 2 
The effect of exogenous Se (as Na2SeO3 · 5H2O) on chlorophyll a/b ratio (A) and chlorophyll 

(a+b)/carotenoids ratio (B) in cotyledons of cucumber seedlings. The means followed by the same letter do 
not differ at p≤0.05 (one-way ANOVA/Duncan range test) 

 
 
Chl a/b ratio increased slightly by 12% at the 

concentrations of 5 and 10 µM Se, indicating 
significant differences in the content of both these 
pigments. On the other hand, Se addition had no 
significant effect on Chl a+b/Car ratio in 
comparison with the control.  

We demonstrated that increasing 
concentrations of Se in the nutrient solution 
resulted in a linear increase in photosynthetic 
pigments content in cucumber cotyledons. In the 
presence of 5 and 10 µM Se a significant increase 
Chl a and Chl b contents and consequently in total 
chlorophyll was detected. Obtained results are 
consistent with findings on wheat [27, 28]. Se is 
believed to improve stability of membranes and 
chlorophyll as well as influencing synthesis of 
pigments by protection of chloroplast enzymes or 
stimulation of plastids to chloroplast development 
[29, 30]. However, the results of the present study 
indicate that Se at the concentrations of 5 and 10 
µM could cause mild water stress, as mentioned, 
which increased protoplasm concentration and 
enhanced chlorophyll content because of cotyledon 
growth reduction. This is supported that the loss of 
cell water content increases chlorophyll 

concentration in leaves and the effect on 
chlorophyll content is misleading as well as 
dependent on environmental conditions [31]. 
Moreover, it is noteworthy that chlorophyll a/b 
ratio, which is used as a stress indicator, increased 
slightly with increasing Se concentrations in our 
study. Increasing values for the Chl a/Chl b ratio 
indicate changes in the PS II/PS I ratio in stressed 
leaves [32]. Obtained data could suggest the 
toxicity of Se at the concentration of 5 and 10 µM 
to cucumber seedling. These results are consistent 
with previous findings by other authors who have 
reported an increase in chlorophyll a/b ratio under 
the influence of such stress factors as heavy metals 
and salinity [26, 33]. In addition, an increase of Car 
at 5 and 10 µM Se concentrations may be related to 
a defence strategy of the plant to reduce stress. 
Carotenoids are well-known non-enzymatic 
antioxidants that play an important role in the 
protection of chlorophyll pigments under stress [34] 

 
Effects of Se supply on Se accumulation in 

tissues. The addition of Se to the nutrient solution 
resulted in an increase of Se content in tissues of 
cucumber seedlings (Fig. 3).  
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FIGURE 3 
The effect of exogenous Se (as Na2SeO3 · 5H2O) on Se accumulation in roots and cotyledons of 11-day-old 

cucumber seedlings. The means followed by the same letter do not differ at p≤0.05 (one-way 
ANOVA/Duncan range test) 

 
 
It is evident that the total Se content in tissues 

was Se-dosage dependent. A greater amount of Se 
was found in roots than in cotyledons. The 
maximum Se accumulation was 759.44±32 µg kg–1 

DW in roots of seedlings treated with the highest Se 
concentration (10 µM Se). The treatment with 1 µM 
Se slightly but significantly increased the 
accumulation of Se (by 18%) only in cotyledons. In 
the case of 5 and 10 µM Se, content of Se increased 
in both roots and cotyledons 1.36- and 1.47-fold (5 
µM) and 1.71- and 2.19-fold (10 µM), respectively, 
as compared to control seedlings.  

In the present study, the accumulation of total 
Se increased with elevation of its concentrations in 
the nutrient solution. It is noteworthy that the 
addition of Se in form of selenite resulted in a 
higher Se content in roots than in cotyledons. The 
Se levels reached 618.22±23 µg g–1 DM and 
759.44±32 µg g–1 DM for cotyledons and roots, 
respectively, with the application of the highest Se 
concentration (10 µM). Our findings are supported 
by other research which showed that this difference 
in Se accumulation depends on the form of Se 
applied to the plants. It should be stressed that 
selenite is a chemical form that can be easily taken 
up by plants. It was revealed that total Se 
accumulation in roots of Indian mustard, broccoli, 
rice and sugar beet plants, supplied with 20 µM Se 
as selenite, was much greater than in shoots [35]. 
Maximum Se levels were 230-690 µg kg–1 for roots 
and 78-169 µg kg–1 for shoots. In another study, it 

was also found that selenite application at the rate 
of 1, 2, 4 mg kg–1 soil increased Se concentration in 
roots of rapeseed 1.4–2 times more than shoots 
[36].  

The reason why most of the selenite taken up 
by plants remained in the roots could possibly be 
attributed to its poor translocation to shoots due to 
rapid reduction to selenium-containing amino acids, 
which are not removed [37, 38]. This may be an 
explanation of the detrimental effect of Se on 
cucumber seedlings’ growth. In fact, we obtained 
highly significant negative linear correlations 
between both root and cotyledon Se accumulation 
and fresh weight. Surprisingly, Se concentration in 
roots and cotyledons from control plants were 
higher than we expected (445.11 and 282.78 µg kg–

1 DW, respectively); thus the difference between 
the maximum Se accumulation at the highest Se 
concentration was not so marked. These results may 
be related to plant species and age. A greater leaf 
surface area contributes to a higher transpiration 
rate and increases transport of Se to transpiring 
organs [39]. Our data support these findings. 
Firstly, during our research very young seedlings 
(11 days old) were analyzed, and secondly, the area 
of cotyledons was highly reduced with increasing 
endogenous level of Se. 

 
Correlations between examined parameters 

and Se accumulation. The determined 
relationships are presented in Figs. 4 and 5.  
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FIGURE 4 
Correlation (Pearson’s r) between Se accumulation and growth indices: root FW (A), cotyledon FW (B), 
root DW (C), and cotyledon DW (D) in cucumber seedlings affected by Se addition (as Na2SeO3 · 5H2O) 

 
 

 
 

FIGURE 5 
Correlation (Pearson’s r) between Se accumulation and photosynthetic pigments content: chlorophyll a 
(A), chlorophyll b (B), total chlorophyll (C), and carotenoids (D) in cucumber seedlings affected by Se 

addition (as Na2SeO3 · 5H2O). Each value is the mean of three replicates. 
 
 
There were significantly negative linear 

correlations between Se accumulation by 
cotyledons and both FW (r=−0.9470, p=0.000003) 
and DW (r=−0.8295, p=0.00085). A high Pearson 

correlation coefficient was also obtained for root 
FW (r=−0.9030, p=0.00006), whereas no 
significant correlation was detected between root Se 
accumulation and root DW (r=−0.5309, 
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p=0.07570). The content of chlorophyll a+b was 
positively linearly correlated with the rate of Se 
accumulation. The highest coefficient of correlation 
was recorded for Chl b (r=0.9803, p=0.01966). On 
the other hand, the correlation between Car and 
cotyledon Se accumulation was non-significant 
(r=−0.5309, p=0.05114). 

The accumulation of Se in plant tissues at 
which they begin to show symptoms of toxicity is 
variable among crops. It was reported a reduction in 
total DW of rice above 2 mg kg–1 Se and in white 
clover at Se content of 330 mg kg–1 [38]. The 
decrease in yield was found to be 18.9 µg g–1 in 
wheat, 41.5 µg g–1 in rice and 76.9 µg g–1 in maize 
[41]. Different reaction to various Se accumulation 
may be a result of the individual species’ ability to 
manage this element on a cellular level. Numerous 
reports have shown that plants commonly replace 
the sulfur atom in the amino acids cysteine and 
methionine with a Se ion, although a Se atom is 
slightly larger (the radius of Se2+=0.5 Å) than a S 
atom (S2+=0.37 Å). Seleno-amino acids may then 
be incorporated specifically into selenoproteins or 
nonspecifically into other molecules [40]. Actually, 
most studies have shown that selenite is more 
phytotoxic than selenate. It was found selenite 
toxicity to lettuce plants from the concentration of 
10 µM, when the shoot biomass was almost 2 times 
lower than the control [43]. In contrast, when 
selenate was applied, the shoot biomass increased 
up to a concentration of 20 µM, while it decreased 
at the concentration of 120 µM.  

 
 

CONCLUSION 
 
This study provides important information 

concerning the relationship between the 
endogenous level of Se in plants and its impacts on 
growth and photosynthetic pigments content. The 
results confirm the fact that Se interaction with 
plants depends on its form and concentration in the 
growth medium. The addition of more than 5 µM of 
sodium selenite (Na2SeO3 · 5H2O ) to the nutrient 
medium caused a significant reduction in plant 
growth. Se application at higher concentrations (5 
and 10 µM) limited the growth of plants but does 
not inhibit the content of photosynthetic pigments. 
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ABSTRACT 
 

A gamma spectrometric study of distribution 
of natural and artificial radionuclides in soil 
samples collected from the terrestrial environment 
of Gerze counties of Sinop Province in Turkey was 
performed using a NaI(Tl) γ-ray spectrometer with 
the aim of estimating the radiation hazard as well as 
establishing a database for radioactivity levels of 
the tourist area. The concentrations of primordial 
(238U, 232Th and 40K) and the fission product (137Cs) 
radionuclides were determined. The mean activity 
concentrations of 238U, 232Th, 40K and 137Cs were 
determined as 63.87±1.09, 72.66±1.70, 
609.65±5.92 and 13.58±0.48 Bqkg-1 for soil 
samples, respectively. Based on the measured 
concentrations of these radionuclides, the mean 
absorbed gamma dose in air and the annual 
effective dose due to terrestrial gamma radiation 
were calculated. The contribution to the total 
absorbed gamma dose rate in air in the decreasing 
order was due to the presence of 232Th (44%), 
followed by 238U (30%), 40K (25.6%) and 137Cs 
(0.4%) in Gerze soils. In situ measurements of the 
gamma dose rate in air were performed in the same 
60 locations, soil samples were collected from, 
using a portable G-M tube and the mean gamma 
dose rate and the annual effective dose were 
ascertained. 
 

KEYWORDS: 
Environmental Radioactivity, Radiological Hazards, 
Statistical Analysis 
 
 

INTRODUCTION 
 

The exposure to ionising radiation from 
natural sources is a continuing and inescapable 
feature of life on earth. The main contributor to 
natural radiation exposure is radioactive nuclides 
(238U, 232Th and their decay products and 40K) that
originated in the earth’s crust and are present 
everywhere. These radioactive nuclides that are 
found in air, soil and water naturally are called the 

background radiation [1]. In addition, man-made 
sources such as nuclear events, reactor accidents, 
nuclear tests and the use of technological products 
also affect the level of background radiation in a 
region and also, the level of natural background 
radiation varies depending on location [2].The 
background radioactivity studies were done all over 
the world and still, researchers worldwide routinely 
carry out environmental radioactivity measurements 
in order to determine the nationwide background 
radiation levels. However, there is not enough 
number of studies done in Turkey, especially in the 
most part of the rural areas. This research area have 
been selected because, the region is a touristic area. 
And also it is planned to establish a thermal power 
plants in this region. Therefore, the main aim of this 
study is to identify and determine natural (238U, 
232Th and 40K) and artificial (137Cs) radioactivity 
concentrations in soil samples collected from 60 
locations around Gerze County of Sinop/Turkey 
and to evaluate the health risks. In addition, the 
gamma dose rate at 1 m in air, coming from 
terrestrial and cosmic radionuclides, was 
investigated in the studied area. Up to now, there 
has been no survey reported on the background 
radiation levels in Gerze/Sinop. Also, the data 
presented will be useful as baseline data for future 
estimations of exposure of a population. 
 
 

MATERIALS AND METHODS 
 

Survey Area. Gerze is a county of Sinop 
Province in the Black Sea region of Turkey. It has a 
population of 21517 of which 12734 live in Gerze 
city centre and the region covers an area of 
594 km2. The study area lies between 41°80 N and 
35°19 E (peak elevation: 900 m, elevation: 50 m 
average height above sea level for the entire 
province). In the study area, main geological units 
are carbonate, sand, clay rocks and line Stones [3]. 
 

Radioactivity in Surface Soil. Sixty soil 
samples were collected from study area in the 
spring of 2014. After clearing the ground surface of 
stones, pebbles, vegetation and roots, about 1 kg of 
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material from the first 15 cm of top soil samples 
reflecting the geological characteristics of the 
region were placed in labeled polythene bags and 
then transferred to Kastamonu University, 
Department of Physics, Nuclear Physics 
Laboratory. The samples were dried and pulverized. 
About 160 g of each sample was packed in gas 
tight, radon impermeable, plastic cylindrical 
polyethylene containers. To reach secular 
equilibrium, each sample was sealed for at least 4 
weeks before counting. All results here in are based 
on dry weight (DW) masses. In addition, the 
coordinates of each sampling locations were 
determined using a GPS device. 
The natural radioactivity in soil of region has been 
measured by gamma ray spectrometry using 
ORTEC 905-4 Series, 3-inch x 3-inch NaI(Tl) 
Scintillation detector. The best resolution 
achievable is typically 8% for the 662 keV gamma 
rays from 137Cs. The detector was housed in a 
cylindrical lead shield of about 22 cm diameters, 56 
cm in overall height and 7 cm thickness.  The pulse 
processing and data analysis system matched to a 
computer and the spectral analysis was performed 
using ScintiVision computer software obtained 
from ORTEC. The efficiency and energy 
calibration of the spectrometer were carried out 
using The IAEA gamma-ray spectrometry reference 
materials RGU-1, RGTh-1 and RGK-1. The quality 
assurance of measurements was carried out by 
periodical calibrations using calibration sources that 
contained 133Ba, 109Cd, 57Co, 22Na, 137Cs, 54Mn and 
60Co and generated photon emission peaks in the 
energy range between 80 and 1400 keV and 
repeating sample measurements. The samples were 
counted for 50000 s with background 
measurements made under the same conditions [4]. 

 In this study, the 1.76MeV and 1.12 MeV peaks of 
214Bi, the 2.62MeV peak of 208Tl, the 1.46MeV 
peak of 40K and 0.66 MeV peak of 137Cs were used 
for quantitative determination of uranium, thorium, 
potassium and cesium, respectively. 
 

Ambient gamma dose. An outdoor ambient 
gamma dose rate measurement has been performed 
in the study area. The level of dose rate in air was 
ascertained at 60 locations using a dose rate meter 
(G-M tube). The measurement points were in the 
same locations as the soil samples were collected. 
At each spot, a reading was taken in air for 600 s at 
1 m above ground level. Six reading were taken at 
each sampling region and the average was 
calculated. The results, including both terrestrial 
and cosmic ray components of gamma radiation, 
were recorded in units of μR h-1. The measured 
values were converted into nGy h-1 using the 
conversion factor of 8.7 nGy μR-1 (from the 
definition of Roentgen).  

 
 
RESULTS AND DISCUSSIONS 

 
Gamma spectrometry results 

The activity concentration results of the natural 
radionuclides 238U, 232Th and 40K and artificial 
radionuclide 137Cs (from the Chernobyl accident 
and other nuclear activities) for 60 soil samples 
collected from the study area were determined 
(Table 1) and plotted (Fig. 1). The ± values of 
radioactivity concentrations shown in Tables are 
because of the 1σ variation due to counting 
uncertainties. 

 
 

                                                                                               TABLE 1 
Distribution of the soil radioactivity concentrations (in units of Bq kg-1). 

 
 238U 232Th 40K 137Cs 

Range (±uncertainity) 
 
27.20±5.09- 
111.40±8.13 

 
38.20±4.20- 
121.90±6.70 

 
379.10±36.90-
821.10±42.70 

11.0±0.90-
21.50±2.50 

Mean (±SD) 63.87±1.09 72.66±1.70 609.65±5.92 13.58±0.48 
Median  60.23 70.70 612.95 13.15 
Standard Deviation 22.03 16.82 118.27 2.16 

 
 

For all of the soil samples, the mean activity 
concentrations of 238U, 232Th and 40K were 
ascertained as 63.87±1.09, 72.66±1.70 and 
609.65±5.92 Bq kg-1, respectively. World’s mean 
activity concentrations of these nuclides are 35, 30 

and 400 Bq kg-1, respectively [5]. The results 
obtained from this research show that the mean 
activity concentration values of 238U, 232Th and 40K 
for soil samples are 1.8, 2.4 and 1.5 times higher 
than the world mean values. 
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  FIGURE 1  

      The activity distributions of 238U, 232Th, 40K and 137Cs in the soil samples. 
 
 

The artificial radionuclide 137Cs was seen in 
all soil samples. The specific activity 
concentrations of 137Cs was determined in the 
ranges 11 Bq kg-1 to 22 Bq kg-1 with corresponding 
mean value of 13.58±0.48 Bq kg-1, (Table 1). This 
artificial radionuclide may have different origins, 
such as Chernobyl accident, nuclear weapons and 
bomb tests. Although the lack of data related to 
137Cs activity concentrations in this region before 
the Chernobyl accident, it is thought that Chernobyl 
accident is the most likely candidate responsible for 
the results [6]. 

The main objective of natural radioactivity 
research was to estimate the radiation exposure of 
the human. Radiation exposure can be defined with 
many parameters. The contribution of radionuclides 
to the absorbed dose rate in air (ADRA) depends on 
the activity concentration of 238U, 232Th, 40K and 

137Cs. The total absorbed dose rate ADRA (nGy h-1) 
in air at1 m above ground level due to the presence 
of radionuclides in the soil samples was estimated 
using the following formula [4,5]: 

 
ADRA (nGy h-1) = 0.462 AU + 0.604 ATh + 0.0417 
AK + 0.030 ACs                                                      (1) 
  
where AU, ATh, AK and ACs are the activity 
concentrations of 238U, 232Th, 40K and 137Cs, 
respectively, in the soil samples. The absorbed dose 
rates in air at study area for soil samples varied 

from 58.78 to 149.90 nGy h-1 and the mean value 
was calculated to be 99.23 nGy h-1 (the second 
column of Table 2). According to UNSCEAR [5] 
report, the dose rate in air outdoors from terrestrial 
gamma-rays in normal circumstances is about 57 
nGy h-1. It can be seen that our mean value is 
exceed the normal level. The mean contributions of 
the uranium decay series, thorium decay series, 
non-series nuclide 40K and artificial radionuclide 
137Cs to the absorbed dose rate in air were 30%, 
44%, 25.6% and 0.4%, respectively. 

The annual effective dose equivalent was 
calculated from following equation: 

 
AEDE (μSv y-1)= ADRA(nGy h-1) x 8760 (h y-1) x 
0.2 x 0.7 (Sv Gy-1) x 10-3                                       (2) 
 
where, 0.2 is the outdoor occupancy factor, 0.7 Sv 
Gy-1 is the conversion coefficient from absorbed 
dose in air to effective dose received by adults [5]. 
The results of the calculation were given in the 
fourth column of Table 2. The annual effective dose 
rates varied from 72.08 to 183.83 μSv y-1 and the 
mean annual effective dose based on all soil 
samples is 121.69 μSv y-1 which is about 1.7 times 
higher than the world population weighted mean 
value of 72 μSv y-1 [5], and is below the 
permissible limit 1mSv y-1 [7]. Even the maximum 
value of 183.83 μSv y-1 is about five times lower 
than the permissible limit.  
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TABLE 2  
The absorbed dose rates in air (ADRA) and annual effective dose equivalent (AEDE) in Gerze/Sinop. 

 
 Absorbed gamma dose rate in air (nGy h-1) Annual effective dose equivalent (μSv y-1) 

Terrestrial                Terrestrial+cosmic   Terrestrial                Terrestrial+cosmic 

Range  58.78-149.90                 69.6-182.7 72.08-183.83                 85.36-224.06 

Mean  99.23                             125.1  121.69          153.4 
Median  99.61            124.0  122.16                152.0 
Standard Deviation 19.14          28.0  23.47              34.3 

  
 

The results were evaluated in terms of the 
radiation hazard by means of the Radium equivalent 
activity (Raeq) and external hazard index (Hex). 

Radium equivalent activity (Raeq), is a widely used 
hazard index and it is calculated through the 
relation given by Beretka and Mathew [8]. 

 
 Raeq(Bq kg-1) =ARa + 1.43ATh + 0.077AK (3) 
 
where, ARa, ATh and AK are the activity 
concentration of 226Ra, 232Th and 40K in Bq kg-1, 
respectively. The values of Raeq varied from 126.41 
to 330.49 Bqkg-1 and the mean value was found to 
be 214.72 Bq kg-1 (Table 3). The estimated average 
values of Raeq in the present work are 1.7 times 
lower than the recommended maximum value of 
370 Bq kg-1[8]. 

 
The external hazard index Hex was calculated for 
all samples using the model proposed by Krieger 
[9]. It is assumed that 370 Bq kg-1 of 226Ra, 259 Bq 
kg-1of 232Th and 4810 Bq kg-1 of 40K produce the 
same gamma-ray dose rate. The external hazard 
index is given by, 
 

 Hex =ARa/370 +ATh/259 +AK/4810 ≤ 1   (4) 
 
where, ARa, ATh and AK are the activity 
concentration of 226Ra, 232Th and 40K in Bqkg-1, 
respectively. The results range from 0.34 to 0.89 
and mean value was found to be 0.58 (Table 3). 
There is no value calculated higher than the 
radiation dose to permissible limit of 1 mSv y-1 [7] 
in this research. 

The representative level index (Iγr), is used to 
estimate the level of gamma radiation hazard 
associated with the natural radionuclides [10,11] is 
given as, 
 

                                                           Iγr (Bq kg-1)= ARa/150 + ATh/100 + AK/1500                                            (5) 
 
where, ARa ATh, and AK are the mean activity 
concentrations of 226Ra 232Th, and 40K in Bq kg−1, 
respectively. The mean representative level index 
was calculated as 1.56 Bq kg-1 (min: 0.93 Bq kg-1; 
max: 2.35 Bq kg-1) (Table 3). The mean Iγr value of 
soil samples is higher than the internationally 

accepted values 1 Bq kg-1 [12]. Even, only, the 
minimum value of 0.93 Bq kg-1 is lower than the 
permissible limit. Other values are about 1.5 times 
higher than the permissible limit. 
The excess lifetime cancer risk (ELCR) was 
calculated by using the equation, 

 
                                                                   ELCR = AEDE x DL x RF                                                                (6) 
   
where DL is the duration of life (70 y) and RF is the 
risk factor (Sv-1), fatal cancer risk per Sievert. For 
stochastic effects, ICRP uses value of 0.057 [13] for 
the public. The excess lifetime cancer risk (ELCR) 

was calculated using the annual effective dose for 
soil samples. The mean ELCR was found as 
0.00049 % according to ICRP [13] for soil samples  
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TABLE 3 

Radium equivalent activity (Raeq), external hazard index (Hex), representative level index (Iγr) and excess 
lifetime cancer risk (ELCR) in Gerze/Sinop. 

 
    Raeq 

(Bq kg-1)
  

      Hex 
≤1 mSv y-1 

   Iγr 
(Bq kg-1) 

ELCR 
 (%) 

Range 
126.41-330.49 0.34-0.89 0.93-2.35 2.88x10-4-7.34x10-4 

Mean   214.72 0.58 1.56 4.86x10-4 

Median   216.03 0.58 1.57 4.87x10-4 

Standard deviation   42.39 0.11 0.30 0.94x10-4 
 
 

The comparison of the radioactivity levels 
(Table 4) in soil samples of studying area with 
those reported from other parts of Turkey is given. 
As shown in Table 4, among the mean 238U, 232Th 
activity concentrations, our values are higher than 
the others except Çanakkale (granite area) [14]. It 
can be said that among the mean 40K activity 

concentrations, our value is higher than the other 
except Balıkesir [15], Kırklareli [16] and Çanakkale 
[14].  If, 137 Cs activity concentrations were 
compared, our mean value is nearly similar to 
Batman [17], Kayseri [18], is lower than Artvin 
[19], Çanakkale [14], İstanbul [20], Trabzon[4] and 
is higher than the others.

 
 

TABLE 4 
Radioactivity concentrations in soil from different parts of Turkey. 

 
Province 238U 

(Bq kg-1) 

232Th 
(Bq kg-1) 

40K 
(Bq kg-1) 

137Cs 
(Bq kg-1) 

Trabzon [4] 41 38 443 21 
Çanakkale [14] 95 110 1273 19 
Balıkesir [15] 38 55 675 3 
Kırklareli [16] 28 40 667 8 
Batman [17] 35 25 274 12 
Kayseri [18] 36 37 430 12 
Artvin [19] 22 19 358 54 
İstanbul [20] 21 37 342 18 
Adana [21] 18 21 298 - 
Bayburt [22] 41 37 615 9 
Çankırı [23] 18 22 357 4 
Gaziantep [24] 25 24 289 8 
Kastamonu [25] 33 27 431 8 
Kütahya [26] 33 32 225 - 
Elazığ [27] 23 29 281 - 
Şanlıurfa [28] 21 25 299 9 
Gerze/Sinop* 64 73 610 14 

     * present study 
 
 

The basic statistics were used to describe the 
statistical characteristics of radionuclides. Pearson 

correlation analysis were carried out using the 
statistics software package SPSS in order to clarify  
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the relationship among the distribution of natural 
and artificial radionuclides and the radiation hazard 

parameters (Table 5). Correlation is 
significant at the 0.05 level (two-tailed). 

 
 

TABLE 5  
Pearson correlation coefficients among the radionuclide levels and radiation hazard parameters in soil 

samples. 
 
Variables 238U 232Th 40K 137Cs ADRA AEDE Raeq Hex Iγr ELCR 
238U 1          
232Th 0.45 1         
40K 0.19 0.23 1        
137Cs 0.30 0.24 0.14 1       
ADRA 0.82 0.83 0.48 0.33 1      
AEDE 0.82 0.83 0.48 0.33 1 1     
Raeq 0.81 0.85 0.45 0.32 1 1    1    
Hex 0.81 0.85 0.45 0.32 1 1    1 1   
Iγr 0.80 0.85 0.49 0.32 1 1    1 1 1  
ELCR 0.82 0.83 0.48 0.33 1 1    1 1 1  1 
 
 

The positive correlation coefficient was 
absorbed between 238U and 232Th because uranium 
and thorium decay series occurs together in nature 
[29]. As shown in Table 5, very weak correlation 
was observed between 238U-232Th and 40K-137Cs 
since 40K and 137Cs origins are in different from 
238U-232Th series. Also, these results show that the 
radiation hazard parameters have high good 
positive correlation coefficients with 238U and 232Th, 
so, it can be said very strong relationship between 
these radionuclides in soil samples and radiological 
parameters. Already, these parameters were 

calculated using the specific activity concentration 
of 238U and 232Th because of this reason, the results 
met our expectations. This strong relationship 
implies that these radionuclides contribute to the 
emission of gamma radiation in study area. 

The frequency distributions of all 
radionuclides were analyzed, and the histograms are 
given in Figs. 2 and 3. The frequency distribution 
graphs of 238U, 232Th 40K and 137Cs show that these 
radionuclides have a normal (bell-shape) 
distribution. 
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FIGURE 2 

          The frequency distribution of 238U and 232Th. 
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FIGURE 3 

The frequency distribution of 40 K and 137Cs 
 
                                                            

Gamma absorbed dose in air. In this 
research, the outdoor gamma absorbed doses in air 
(ADRA) measured using a Geiger-Muller tube and 
the annual effective dose equivalent (AEDE) 
calculated from these are given in the third and fifth 
columns of Table 2, respectively. The outdoor 
gamma absorbed dose values ranged from 69.6 to 
182.7 nGy h-1 and the mean (60 measurements) was 
determined as 125.1 nGy h-1. Using the same 
conversion coefficient and occupancy factor as 
above, the calculated values of annual effective 
dose equivalent varied from 85.36 to 224.06 μSv y-1 
and the mean value was calculated as 153.4 μSv y-1. 
In this research, the mean annual effective dose 
equivalent was ascertained is about two times 

higher than the world mean value of 72 μSv y-1 [5]. 
There is a good agreement between the absorbed 
gamma dose rate measured by the G-M tube and the 
one calculated from the radionuclides determined 
from the soil samples for outdoor environments. 
 
 

CONCLUSION 
 

In this research, the activity concentrations of 
the natural and artificial radionuclides in 60 soil 
samples collected across the Gerze/Sinop were 
determined by the gamma ray spectroscopy. Using 
these results, the absorbed gamma dose and annual 
effective dose were calculated. According to these 
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values obtained, the radiation hazard parameters 
such as Radium equivalent activity (Raeq), external 
hazard index (Hex), representative level index (Iγr) 
and excess lifetime cancer risks (ELCR) were 
determined. In addition, the outdoor gamma doses 
were measured at the same sites as soil samples 
were collected using a portable G-M tube and from 
that, the annual effective doses were ascertained. 
The best part of this study; this is the first detailed 
study of radioactivity concentrations in Gerze. The 
results of the present study useful in assessment of 
the exposures of radiation doses and will be 
valuable database for future estimations of the 
impact of radioactive pollution.  
 
 

ACKNOWLEDGMENT 
 

The author is thankful to Prof. Dr. M. Atıf 
ÇETİNER and Kastamonu University Scientific 
Research Project Commission (KUBAP-01/2013-
14) for support and cooperation. 
  
 

REFERENCES 
 
[1] Rizzo, S., Tomarchio, E. and Vella G. (2010) 

Environmental radioactivity    measurements 
in the Mediterranean area. Fresenius 
Environmental Bulletin 19, 2433-2443.  

[2] Aytekin, H. and Baldık, R. (2011) 
Radioactivity measurement and dose 
assessment from surface soils around the 
Catalagzi coal-fired power plant, Turkey.  
Fresenius Environmental Bulletin 20, 7.  

[3] Çellek, S. (2007) Gerze (Sinop) Yöresindeki 
Aktif Heyelan Alanlarının Mühendislik 
Jeolojisi Açısından İncelenmesi, Karadeniz 
Teknik Üniversitesi Fen Bilimleri Enstitüsü, 
Jeoloji Mühendisliği Anabilim Dalı, Yüksek 
Lisans Tezi, (in Turkish). 

[4] Kurnaz, A., Küçükömeroğlu, B., Damla, N. 
and Cevik, U. (2011) Radiological maps for 
Trabzon, Turkey. Journal of  Environmental 
Radioactivity 102, 393-399. 

[5] UNSCEAR (United Nations Scientific 
Committee on the Effect of Atomic Radiation) 
(2000) Sources and effects of ionizing 
radiation United Nations Scientific Committee 
on the Effects of Atomic Radiation. Report to 
the General Assembly with scientific annexes, 
New York, USA, 111-125. 

[6] TAEK (Turkish Atomic Energy Authority) 
(2007) 7. yılında Çernobil, Türkiye Büyük 
Millet Meclisi Araştırma Komisyonu Raporu 
(in Turkish). 

[7] ICRP 60 (1990) Recommendations of the 
International Commission on Radiological  
protection. ICRP Publication 60. Annals of the 
ICRP. Pergamon Press, Oxford, UK. 

[8] Beretka, J. and Mathew, P.J. (1985) Natural 
radioactivity of Australian building materials, 
industrial wastes and by-products. Health 
Physics 48, 87-95. 

[9] Krieger, R. (1981) Radioactivity of 
construction materials. Betonwerk Fertigteil 
Technik 47, 68. 

[10] NEA/OECD (Nuclear Energy Agency) (1979) 
Exposure to radiation from natural 
radioactivity in building materials. Report by 
NEA Group of Experts, OECD, Paris. 

[11] Isinkaye, M.O. (2008) Radiometric 
assessment of natural radioactivity levels of 
bituminous soil inAgbabu, southwest Nigeria. 
Radiation Measurements 43, 125-128. 

[12] Lu, X., Wang, F., Jia, X. and Wang, L 
(2007)Radioactive Analysis and Radiological 
Hazards of Lime and Cement Fabricated in 
China. IEEE Transactions  Nuclear Science 
54, 2. 

[13] ICRP (International Commission on 
Radiological Protection) (2007) Annals of 
 the ICRP, The 2007 Recommendations of 
the International Commission on 
 Radiological Protection. ICRP Publication 
103. Ann. ICRP 37, 2-4. 

[14] Kam, E., Bozkurt, A. and Ilgar, R. (2010) A 
study of background radioactivity  level 
for Canakkale, Turkey. Environmental 
Monitoring and Assessment 168, 1-4, 685-90. 

[15] Kapdan, E., Varinlioglu, A. and Karahan, G. 
(2012) Outdoor radioactivity and health risks 
in Balıkesir, northwestern Turkey. Radiation 
Protection Dosimetry 148, 301-309. 

[16] Taşkın, H., Karavus, M., Ay, P., TopuzA., 
Hıdıroğlu, S. and Karahan, G. (2009) 
Radionuclide concentrations in soil and 
lifetime cancer risk due to gamma 
radioactivity in Kırklareli, Turkey. Journal of 
Environmental Radioactivity 100, 49-53. 

[17] Damla, N., Cevik, U., Kobya, A. I., Ataksor, 
B. and Isık, U. (2010) Assessment of 
environmental radioactivity for Batman, 
Turkey. Environmental Monitoring and 
Assessment 160, 401-412. 

[18] Otansev, P., Karahan, G., Kam, E., Barut, I. 
and Taskın, H. (2012) Assessment of 
naturalradioactivity concentrations and 
gamma dose rate levels in Kayseri, Turkey. 
Radiation Protection Dosimetry 148, 227-236. 

[19] Küçükömeroğlu, B., Yeşilbağ, Y.Ö., Kurnaz, 
A., Çelik, N., Çevik, U. and Çelebi, N. (2011) 
Radiological characterisation of Artvin and 



by PSP Volume 25 – No. 1/ 2016, pages 153-162  Fresenius Environmental Bulletin    


162




Ardahan provinces of Turkey. Radiation 
Protection Dosimetry 145, 389-394. 

[20] Karahan, G. and Bayülken, A. (2000) 
Assessment of gamma dose rates around 
Istanbul, Turkey. Journal of Environmental 
Radioactivity 47, 213-22. 

[21] Değerlier, M., Karahan, G. and Özger, G. 
(2008) Radioactivity concentrations and dose 
assessment for soil samples around Adana, 
Turkey. Journal of Environmental 
Radioactivity 99, 7, 1018-1025. 

[22] Küçükömeroğlu, B., Kurnaz, A., Damla, N., 
Çevik, U., Çelebi, N., Ataksor, B. and Taşkın, 
H. (2009) Environmental radioactivity 
assessment for Bayburt, Turkey. Journal of 
Radiological Protection 29, 417-428. 

[23] Kapdan, E., Taşkın, H., Kam, E., 
Osmanlıoğlu, A. E., Karahan, G. and Bozkurt, 
A. (2012) A Study of Environmental 
Radioactivity Measurements for Çankırı, 
Turkey. Radiation Protection Dosimetry 150, 
398-404. 

[24] Osmanlıoğlu, A. E., Kam, E. and Bozkurt, A. 
(2007) Assessment of background 
radioactivity level for Gaziantep region of 
southeastern Turkey. Radiation Protection 
Dosimetry 124, 407-410. 

[25] Kam, E. and Bozkurt, A. (2007) 
Environmental radioactivity measurements in 
Kastamonu region of northern Turkey. 
Applied Radiation and Isotopes 65, 440-444. 

[26] Şahin, L. and Cavas, M. (2008) Natural 
radioactivity measurements in soil samples of 

central Kutahya (Turkey). Radiation 
Protection Dosimetry 131, 526-530. 

[27] Canbazoğlu, C. and Doğru, M. (2013) A 
preliminary study on determination of 
radiological parameters of soil samples 
collected from central Elazig, Turkey.   
Fresenius Environmental Bulletin, 22, 3377-
3382. 

[28] Bozkurt, A., Yorulmaz, N., Kam, E., Karahan, 
G. and Osmanlıoğlu, A.E. (2007) Assessment 
of environmental radioactivity for Sanliurfa 
region of southeastern Turkey. Radiation 
Measurements 42 8, 1387-1391. 

[29] Tanaskovic, I., Golobocanin, D. and Miljevic, 
N. (2012) Multivariate statistical analysis of 
hydrochemical and radiological data of 
Serbian spa waters. Journal of Geochemical 
Exploration 112, 226-234. 

 
 
 
Received: 19.06.2015 
Accepted: 06.01.2016 
 
 
CORRESPONDING AUTHOR 
 
Aslı Kurnaz 
Kastamonu University  
Faculty of Arts and Sciences 
Department of Physics 
37100 Kastamonu, Turkey 
 
e-mail: akurnaz@kastamonu.edu.tr  

 



by PSP Volume 25 – No. 1/ 2016, pages 163-173   Fresenius Environmental Bulletin    
 

163 
 

 

CONCENTRATION, SPECIATION AND BIOACCESSIBILITY OF 
CADMIUM IN DUSTFALL FROM COAL MINE AREAS: CASE 

STUDY IN NORTHERN ANHUI PROVINCE, CHINA 
 

Q. Li1, 2, Y. F. Han1, and S. L. Huang1 

 
1School of Environment and Surveying Engineering, Suzhou University, Suzhou 234000, China 

2State Engineering & Technological Research Center for Coal Mine Water Disaster Prevention, Suzhou University, Suzhou 234000, China 
 
 

ABSTRACT 
 

An investigation of 23 samples which have been 
collected from five coal mining areas in the 
south-eastern of Suzhou was performed to study the 
concentration, speciation distribution and 
bioaccessibility of cadmium in dustfalls. From the 
results of atomic absorption spectrophotometer, higher 
concentration of Cd was found compared to the soil 
environmental background values of Anhui province 
(BVA) and the Secondary Environmental Quality 
Standard for Soils in China (EQS). Besides, four 
chemical fractions were extracted using the three-step 
BCR sequential extraction procedure and decreased in 
the order of acid soluble > reducible > residual > 
oxidizable, implying high migratory ability and 
potential toxicity of Cd in dustfalls. Findings from in 
vitro digestion method showed that average Cd 
bioaccessibilities were >50% in the gastric phase, while 
only 21%-28% in the intestinal phase. Furthermore, 
correlation analysis indicated that pH and organic 
matter content (OM) were the important factors in 
distribution of chemical fractions, and decrease of 
particle diameter can improved Cd bioaccessibility in 
dustfall. A very significant correlation between the 
gastro-intestinal phase and acid soluble fraction was 
also identified, suggesting that the latter was the main 
source of the extracted Cd in in vitro digestion process.    
 
KEYWORDS: 
Cadmium, Chemical fraction, Bioaccessibility, In vitro 
digestion, Dustfall, Coal mining area 
 
 

INTRODUCTION 
 

Dustfall is a type of airborne particulate matters 
with fine size which naturally settle on the surface of 
houses, doors, windows, and other solid objects. As a 
carrier and transporter for many pollutants, the dustfall 
particles can attract the heavy metal ions to its surface 

and then thus lead to potential biological activities [1]. 
Previous studies have confirmed that the mobility and 
toxicity of trace metals strongly depend on their specific 
chemical speciation distributions [2]. For this reason, 
several methods of fraction separation and extraction 
were developed and applied to predict long-term 
behavior of metals in contaminated solid materials. In 
the above-mentioned methods, BCR sequential 
extraction procedure, which divides the total metal 
content into four fractions of acid soluble, reducible, 
oxidizable and residual, is more widely used by 
environmental researchers because of its simple 
operating processes and outstanding reproducibility[3,4]. 
Along with that more and more scientists paid attention 
to health hazard of toxic metals, the concept of 
bioaccessibility, which represents the amount of a 
contaminant that is liberated into an aqueous from 
within the gastro-intestinal tract and probably absorbed 
into human body [5], was introduced. Currently, the 
commonest determination approach of bioaccessibility 
is the physiologically based extraction test (PBET) [6], 
an in vitro digestion procedure with the simulated 
conditions similar to those in gastro-intestinal tract.  

The metal cadmium (Cd) is a global contaminant 
and commonly exists in various environmental media 
with low concentrations. Exposure to Cd, mainly by 
inhalation and ingestion, can significantly increase the 
risk of human carcinogenesis[7]. It also has ecotoxic 
effects on microorganisms, plants, animals and humans, 
while these toxicities are variable and closely related to 
the chemical speciation, especially to concentration of 
the soluble Cd ion. Many studies have discussed the 
speciation distribution and bioaccessibility of Cd in 
soils[8,9], sediments[10,11], and even in medicine[12], 
but the similar research on dustfalls is rarely reported.  

Suzhou coal mining area, located in the northern 
part of Anhui province, has been intensively exploited 
for twenty years. The long-term mining activities have 
produced large amounts of coal gangue which contains 
high Cd and are usually piled around mines (such as 
Taoyuan, Qinan, et al.). Under the effect of 
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meteorological factor, these gangue can be gradually 
weathered and become a significant source of 
atmospheric dust particles, causing serious 
environmental problems in the mining area. The aims of 
this work are as follows: (1) to investigate the pollution 
status of Cd in dustfalls from coal mining areas; (2) to 
analyse speciation distribution and bioaccessibility of 
Cd in dustfalls, using BCR sequential extraction 
procedure and in vitro digestion test; and (3) to identify 
the correlations between physicochemical parameters, 
total Cd concentration, chemical fractions and the 
gastro-intestinal phase.  
 
 

MATERIALS AND METHODS 
 

STUDY AREA 
 
Suzhou City is located in the northern part of 

Anhui Province of China, between latitude 
33°18’N~34°38’N and longitude 116°09’E~118°10’E, 

with an area of 9,785 sq km. The climate is 
characterized by warm and semi--humid monsoons, 
with a wide variation in temperature ranging from 32℃ 
in summer to -2℃ in winter. The annual average rainfall 
ranges between 770 and 990 mm with maximum 
rainfall during May-September. Intensively coal 
exploiting activities in Suzhou started from 1990s, and 
more than fifteen million tons of coal can be produced 
since 2011. The long-term mining activities has resulted 
in serious environmental pollution, such as excessive 
accumulation of metal elements in soil and crops[13]. 
The mining area is concentrated in the south-eastern of 
Suzhou, and five coal mines distributed in the area were 
selected for this study (Fig.1).  

Zhuxianzhuang (ZXZ) coal mine is situated in the 
east of urban area, while Luling (LL) coal mine lies in 
the southeast, and the last three coal mines named 
Taoyuan (TY), Qinan (QN) and Qidong (QD) are 
located in the south.  
 
 

 
 

 
 

FIGURE 1 
Study area and sampling sites. 
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SAMPLE COLLECTION AND 
PRETREATMENT 

 
Around each coal mine, 4 to 5 sampling sites were 

randomly selected at villages and settlements. A total of 
23 dustfall samples were collected from the surfaces of 
wooden doors and glass windows, and brushed into 
clean sample bags in early March 2015, using a rabbit 
hair brush and a plastic spade. Each sample was about 
25~50 g. All samples were transported to the laboratory 
of State Engineering & Technological Research Center 
for Coal Mine Water Disaster Prevention immediately, 
and air-dried for 2 to 3 days at room temperature. Than 
we sieved them by a 100-mesh sieve to collect the 
particle size faction <150 µm. The sieved samples were 
stored in sealed plastic bags. 
 

Sample digestion. A portion (0.15 g) of each dust 
sample was weighed and placed in a 50 ml teflon 
digestion tank, and then 8 ml HNO3 and 2 ml HClO4 
was added into tank. After initial reaction, each tank 
was covered with lid and allowed to stand overnight. 
The tanks were placed in a graphite digester (SH230N, 
Hanon Instruments Co., LTD, China) and heated at 110℃ 
for 2 h. The solutions were allowed to cool for 10 min 
until the volume reduced to 2~3 ml, and then 5 ml 
HNO3 and 3 ml HF was slowly added into each tank. 
The mixture was heated again at 180℃ for thermal 
decomposition until the digestion solution was near 
dryness, the remaining digests were transferred to 
volumetric flask after cooling to room temperature and 
diluted to 50 ml using MilliQ water.   
 

BCR sequential extraction method. The 
three-step BCR sequential extraction procedure[14] was 
performed to determine the chemical fractions of Cd in 
dustfalls from the investigated area. Each fraction was 
defined as follows: 

Step 1 (acid soluble fraction): 1.0 g of dustfall 
sample was placed into a polyethylene centrifuge tube 
and extracted with 40 ml 0.11 M acetic acid for 16 h at 
a room temperature of 22.0±0.5℃ with continuous 
shaking of 180 rpm. After extraction, the extracted 
liquid was separated from the solid residue by 
centrifugation at 4000 rpm for 20 min. The supernatant 
liquid was filtered through 0.45 µmfilter membrane to 
50 ml polyethylene volumetric flask for analysis. Then, 
20 ml of MilliQ water was added into the tube for 
washing the solid phase, by continuous shaking for 15 
min and centrifugation for 20 min. The supernatant was 
decanted and discharged carefully to avoid loss of the 
solid residues. 

Step 2 (reducible fraction): 40 ml of 0.5 M 
hydroxylamine hydrochloride (pH of 1.5) was added to 
the solid residues from step 1 in the centrifuge tube. The 
extraction was carried out for 16 h at a room 
temperature of 22.0±0.5℃ with continuous shaking of 
180 rpm. Then, the separation of the extracts, filtration 
and collection of the supernatant, washing of the solid 
residues were the same as described for step 1 before 
proceeding to step 3.   

Step 3 (oxidizable fraction): 10 ml of 8.8 M 
hydrogen peroxide (pH of 2-3) was added to the solid 
residues from step 2 in the centrifuge tube. Initially, the 
mixture was digested at room temperature for 1 h, with 
loosely cover and occasional manual shaking, and then 
the sample was heated to 85±1℃ in a water-bath for 
further digestion, until the volume reduced to 2~3 ml. 
After cooling, an addition 10 ml of 8.8 M hydrogen 
peroxide (pH of 2-3) was added into the tube. Heating 
was performed again at 85±1℃ until the volume 
reduced to 2~3 ml. Finally, 50 ml of 1.0 M ammonium 
acetate (pH of 2) was added to the cool residues. The 
mixture was shaken for 16 h at 22.0±0.5℃, and then 
centrifuged for 20 min at 4000 rpm. The filtration, 
collection and washing processes that had been 
performed at the end of the step 1 were repeated for this 
step as well. 

Residue (residual fraction): After the above 
extraction procedure, the solid residue in the centrifuge 
tube was transferred to a pre-cleaned beaker containing 
15 ml of aqua regia solution. The digestion was 
performed for 2 h on a hot plate, until the solution was 
transparent. Later, we transferred the digest into 
volumetric flask and diluted it to 50 ml with MilliQ 
water.  

 
In vitro digestion procedure. In order to assess 

the bioaccessibility of Cd in dustfalls, the PBET 
method[6] was adopted to determine the in vitro 
digestibility of Cd from the investigated samples, under 
the simulated gastric and small-intestinal regimes. In 
brief, synthetic gastric solution was prepared by 
dissolving 0.5 g sodium citrate, 0.5 g malate, 1.25 g 
pepsin, 420 µl lactic acid and 500 µl acetic acid into 1 l 
MilliQ water, and acidifying to pH of 2.5 using HCl (12 
M). 0.4 g of each dustfall sample was extracted with 40 
ml prepared gastric solution for 1 h in a polyethylene 
centrifuge tube, at a body temperature of 37℃ and a 
shaking speed of 100 rpm. After extraction, the extract 
was centrifuged for 15 min at 4000 rpm, then 5 ml of 
supernatant was collected using a syringe, filtered 
through 0.45 µmfilter membrane and preserved under 
refrigeration as an analytic sample of gastric phase. To 
compensate for the removed 5 ml supernatant, the same 
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volume of original gastric solution was added into the 
tube. Subsequently, pH of the extracted solution was 
adjusted to 7.0 for simulating small-intestinal condition 
followed by the addition of 70 mg bile salts and 20 mg 
pancreatin to each tube. A four hour extraction was 
performed and pH was measured and adjusted at 15 min 
intervals, to ensure that pH of 7.0 in the extraction 
solution was maintaining. Then, the centrifugation of 
the extracts, filtration and preservation of the 
supernatant were the same as described for gastric 
phase. 
 

SAMPLE ANALYSIS AND QUALITY 
CONTROL 

 
pH of dustfall samples were determined in the 

mixture solution (dust-water ratio=1:2.5, w/v) by a pH 
meter[15], while the organic matter content (OM) and 
mechanical composition (MC) were tested using 
potassium dichromate oxidation-colorimetric method 
and laser particle size analyzer (2008A, Jinan Winner 
Particle Instruments Co., LTD, China), respectively. All 
of the analytic samples prepared in the above digestion 
and extraction procedures were analyzed for cadmium 
(Cd) using atomic absorption spectrophotometer (Model 
TAS-990FG, Purkinje General Instrument, Beijing, 
China). 

To improve the accuracy of results, all chemicals 
used in the experiment were of analytical grade, and all 
the glassware and centrifuge tubes were soaked in dilute 
nitric acid for 24 h followed by rinsed with MilliQ 
water three times before use. During each digestion and 
extraction procedure, reagent blanks were prepared for 
correcting blank and eliminating analytical bias. Each 
sample was determined with three replicates to test the 
reproducibility, and relative standard deviation was less 
than 10%.  

 
BIOACCESSIBILITY OF Cd 

 
On the basis of in vitro results, bioaccessibility of 

Cd was calculated as the radio of extracted Cd 
concentration in the gastric or intestinal phase to the 
total Cd concentration in the corresponding dustfall 
sample[8], the formula is given as follows: 

100
  

          
Cdtotal

CdvitroinbilitybioaccessiCdvitroin  

Where, in vitro Cd (mg·kg-1) is the extracted 
quantity of Cd in a particular in vitro simulated 
digestion and total Cd (mg·kg-1) is the total 
concentration of Cd in the corresponding dustfall 
sample. 

 
DATA ANALYSIS 

 
Data analyses were performed by Excel 2003 and 

SPSS 13.0 for windows, and all figures in this article 
were drawn by CorelDRAW 12.0. Correlation 
coefficients of the observed variables in dustfalls were 
calculated to identify the relationships between 
physicochemical parameters, total Cd concentration, 
chemical fractions and the gastro-intestinal phase.  
 
 

RESULTS AND DISCUSSION 
 

PHYSICAL-CHEMICAL PARAMETERS 
AND TOTAL Cd CONCENTRATION IN 
DUSTFALL 

 
The main physical-chemical properties and total 

concentration of Cd in dustfall samples collected from 
the investigated area are listed in Table 1.  
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TABLE 1. 
Physical-chemical properties and total Cd concentration of dustfall samples from the investigated areas 

 

Site (Sample number) Index pH 
(1:2.5) 

OM 
(g·kg-1) 

MC (%) Total Cd 
(mg·kg-1) Clay Silt Sand 

LL (5) 
Range 6.16-9.02 8.0-59.0 4.47-10.54 56.83-79.14 13.14-38.70 0.735-1.082 

Mean±SD 7.60±1.09 36.9±19.2 7.40±2.28 68.56±8.48 24.04±9.99 0.829±0.149 

QD (5) 
Range 6.14-9.43 14.3-87.0 5.94-7.13 53.77-77.38 16.17-39.53 0.582-0.866 

Mean±SD 7.88±1.24 54.5±36.6 6.49±0.46 65.41±8.52 28.10±8.46 0.695±0.117 

QN (4) 
Range 7.45-8.40 41.6-108.4 5.05-5.75 54.55-66.90 28.05-40.27 0.560-0.930 

Mean±SD 7.97±0.41 78.7±28.2 5.28±0.32 60.70±6.03 34.02±5.85 0.779±0.176 

TY (5) 
Range 5.68-8.03 30.9-85.4 4.91-11.81 61.48-79.42 12.55-32.47 0.680-0.844 

Mean±SD 7.22±1.01 53.6±21.7 7.58±2.64 66.67±7.46 25.74±8.65 0.745±0.071 

ZXZ (4) 
Range 6.68-8.83 8.4-59.6 3.92-9.94 62.07-77.49 13.64-33.03 0.698-1.048 

Mean±SD 7.69±0.96 30.3±23.0 6.91±2.94 69.74±6.53 23.35±7.95 0.808±0.163 

Average Mean±SD 7.66±0.95 50.5±29.0 6.79±2.03 66.30±7.51 26.91±8.49 0.769±0.133 

BVA (the soil environmental background values of Anhui province) 0.097 

EQS (the Secondary Environmental Quality Standard for Soils of China) 0.6 

 
 

There were no statistically significant difference 
for the arithmetic means and ranges of pH between 
dustfalls from the five sampling areas, and the pH of all 
dustfall samples were varied between 5.68 and 9.43 
with an average pH of 7.66, which suggests that most 
dustfall samples are weakly alkalic. The organic matter 
content of the sampled dustfalls varied considerably 
within each coal mine area and ranged across the five 
mines from 8.0 to 108.4 g·kg-1 with an average value of 
50.5 g·kg-1. Mechanical composition of dustfalls 
showed a medium-size distribution pattern, and the clay, 
silt and sand contents averaged 6.79±2.03%, 
66.30±7.51% and 26.91±8.49%, respectively. 

The concentrations of Cd in all dustfall samples 
ranged from 0.560 to 1.082 mg·kg-1, with average value 
of 0.766 mg·kg-1. Among the five coal mines 
investigated, the highest and lowest Cd concentrations 
were found in LL (0.829±0.149 mg·kg-1) and QD 
(0.695±0.117 mg·kg-1) coal mine area, which were both 

much higher than the soil environmental background 
values of Anhui province (BVA) and had slightly 
exceeded the Secondary Environmental Quality 
Standard for Soils of China (EQS) by 1.38- and 
1.16-fold. Meanwhile, they were also higher than Cd 
concentration of soils in the same investigated areas 
(0.33-0.38 mg·kg-1)[16], but lower than those in 
dustfalls from vanadium-titanium magnetite mining 
area in Panzhihua (1.7-7.7 mg·kg-1)[17], and from large 
cities in china such as Nanjing (5.8 mg·kg-1)[18] and 
Hangzhou (15.6 mg·kg-1)[19]. 

 
 

CHEMICAL FRACTIONS OF Cd IN DUSTFALL 
 

The descriptive statistics of Cd fraction contents 
and percentages in dustfall samples from the different 
coal mine areas are shown in Fig.2.  
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FIGURE 2. 
Content and percentage of extraction of Cadmium obtained by BCR sequential extraction procedure in the 

dustfall samples from the mining areas Luling (LL), Qidong (QD), Qinan (QN), Taoyuan (TY) and 
Zhuxianzhuang (ZXZ). 

In each investigated coal mine area, the sum of the 
four Cd fraction contents (mean values, Fig.2) agreed 
well with the total Cd concentrations determined by the 
mixture acid digestion method (Table 1), indicating that 
an effective experiment quality control and good mass 
balance were achieved. Previous studies have reported 
that element behaviors (solubility, transferability and 
etc.) are mainly affected by the distribution pattern of 
metal fraction[2]. For Cd in the investigated dustfall 
samples, the average contents associated with the 
different fractions was generally in the order of acid 
soluble > reducible > residual > oxidizable, with an 
exception appeared to the samples from LL area where 

the reducible fraction was slightly higher than the acid 
soluble fraction. Percentage of the dominant fraction 
(acid soluble) ranged from 36.94% to 49.08% in the 
five mine areas implying high migratory ability and 
potential toxicity of Cd, while reducible, oxidizable and 
residual fractions accounted for 27.71-40.73%, 
8.67-12.07%, 9.96-23.28% of total Cd, respectively. 

Compared with the studies conducted in Baotou[20] 
and Huangshi city[21] (Table 2, both of the two cities in 
china are characterized by typical mining industry, B is 
in Neimenggu province and H is in Hubei province), 
similar speciation distribution of Cd in agreement with 
this article were observed.  
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TABLE 2. 
Comparison of Cd speciation distributions in dustfalls from some typical cities in China 

 

Regions 
Percentage of each fractions in total Cd content (%) 

References 
Acid soluble Reducible Oxidizable Residual 

Baotou City 69.2 23.0 3.9 3.9 Pan et al. (2010) 

Huangshi City 51.6 24.9 9.1 14.4 Liu et al. (2014) 

Xi’an City 4.6 - 10.6 84.8 Mei et al. (2011) 

Chengdu City 15.3 3.4 2.4 78.9 Zhou et al. (2006) 

This work (average value of all 23 samples) 42.42 34.93 9.67 12.97  

 
 

Whereas, opposite results that highest content 
existed in the residual fraction were also reported in 
Xi’an city by Mei[22] and in Chengdu city by Zhou[23]. 
That distinction can be explained by diverse sources of 
Cd concentrated in dustfalls between the above regions. 
Wang[24] found that Cd additions due to interior source 
pollution inherited from soil parent materials was 
mainly presented in stable fraction, while the exterior 
source pollution caused by anthropogenic activities was 
just the reverse. Considering the structure of energy 
consumption and industrial economy in the coal mine 
areas, such observation points to that Cd addition in the 
dustfall is an ongoing procedure due to emissions from 
coal combustion and mining activities.  

BIOACCESIBILITY OF Cd IN DUSTFALL 
 

The bioaccessibility is an important index for 
assessing the potential adverse effects of Cd in dustfalls 
to humans, and it can be described by determining the 
soluble Cd species presented in simulated 
gastrointestinal solutions. Table 3 lists extracted Cd 
contents in the gastric and intestinal phases and their 
corresponding percentage bioaccessibility for the 
dustfall samples, showing inapparent variation among 
the different coal mine areas.  
 

 
 

TABLE 3. 
Extracted contents and bioaccessibilities of Cd in the gastric and intestinal phases by in vitro digestion 

 
Area Gastric phase Intestinal phase 

 Content (mg·kg-1) Bioaccessibility (%) Content (mg·kg-1) Bioaccessibility (%) 

LL 0.501±0.032 61.59±9.17 0.188±0.030 22.77±2.02 

QD 0.469±0.046 69.48±15.05 0.165±0.052 24.30±9.06 

QN 0.440±0.024 59.02±15.18 0.156±0.040 21.16±8.90 

TY 0.510±0.025 69.25±9.35 0.204±0.037 27.52±5.43 

ZXZ 0.487±0.041 61.41±7.96 0.198±0.045 24.66±4.33 

 
 

In gastric phase, the average quantities of Cd 
extracted within the simulated environment of human 
stomach ranged from 0.440 mg to 0.510 mg per 
kilogram of dustfalls from the five mine areas, with the 
highest bioaccessibility of 69.48% in QD and the lowest 
bioaccessibility of 59.02% in QN. While in intestinal 
phase, the quantities of extracted Cd were varied 
between 0.156 mg and 0.204 mg per kilogram of 

dustfalls, with the highest bioaccessibility of 27.52% in 
TY and the lowest bioaccessibility of 21.16% in QN.  

It is obviously that average bioaccessibilities in 
gastric phase were about 2-3 times higher than the 
intestinal phase, revealing that Cd bioaccessibility 
largely depended on their solubility in human stomach. 
That is coinciding with the results observed in nine 
contaminated soils from Balikesir region of Turkey 
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using PBET by Karadas C and Kara D[8]. pH of 
simulated solutions may act on an important part to the 
occurrence of distinction between gastric and intestinal 
phase, because it can change the surface charge of 
dustfall particles and the enzymatic activity in digestion 
system[25]. When pH rises from gastric phase into 
intestinal phase, Cd solubility decreased as a result of 
more negative charge at the particle surface and weaker 
enzymatic activity, thus causing the relatively decline of 
Cd bioaccessibility in intestinal phase.  

 

CORRELATION ANALYSIS  
 

In order to obtain an intensive understanding of the 
relationships between physicochemical parameters, total 
Cd concentration, chemical fractions and the 
gastro-intestinal phase of dustfalls, correlation analysis 
was performed on the experimental datum from the 23 
samples collected from the five mining areas, and the 
results were given in Table 4.  
 

 
TABLE 4. 

Correlation analysis between physicochemical parameters, total Cd, chemical fractions and the 
gastro-intestinal phase in dustfalls (n=23) 

 
 Total 

Cd 
BCR 
Step1 

BCR 
Step2 

BCR 
Step3 

BCR 
Step4 

Gastric 
phase 

Intestinal 
phase pH OM Clay Silt Sand 

Toal Cd 1            
BCR 
Step1 0.122 1           

BCR 
Step2 0.459* 0.177 1          

BCR 
Step3 0.203 -0.088 0.175 1         

BCR 
Step4 0.38 -0.075 -0.331 0.132 1        

Gastric 
phase 0.042 0.735** 0.486* 0.020 -0.221 1       

Intestinal 
phase 0.256 0.678** 0.366 0.144 -0.121 0.618** 1      

pH -0.177 -0.485* -0.101 0.003 -0.035 -0.422* -0.306 1     

OM -0.093 -0.478* -0.280 0.429* 0.139 -0.346 -0.366 0.320 1    

Clay 0.245 0.486* 0.179 -0.087 -0.124 0.514* 0.458* -0.352 -0.327 1   

Silt -0.1 0.161 0.328 -0.035 -0.267 0.387 0.429* 0.336 -0.033 0.38 1  

Sand 0.03 -0.258 -0.333 0.052 0.266 -0.465* -0.489* -0.213 0.108 -0.575** -0.975** 1 

*   Correlation is significant at the 0.05 level (two-tailed) 
**  Correlation is significant at the 0.01 level (two-tailed) 
BCR Step1-Step4 represent different chemical fractions and have given in Fig.2 
 

 
For the relationship of physicochemical parameters 

and chemical fractions, pH showed a significant 
negative correlation (-0.485, p<0.05) with acid soluble 
fraction, indicating that it maybe the prime determinant 
of Cd reactivity in BCR step 1. When in the acidic 
environment, Cd is likely to exist in the form of the free 
ions rather than to bind with the anion of the mineral 
acid as insoluble salt, so the solubility of Cd is 
enhanced. Similar to pH values, OM was negatively 
correlated with acid soluble fraction as well (-0.478, 
p<0.05), and furtherly had an added positive correlation 
with oxidizable fraction (0.429, p<0.05), that is mainly 
caused by the complexation between organic matter and 

Cd ions. Due to the effect, higher OM values can 
promote the transfer ability of partial Cd ions from acid 
soluble fraction to oxidizable fraction. However, in 
oxidation condition, these ions will be released again to 
the original fraction as a result of organics degradation. 
Despite clay content had a high correlation with acid 
soluble fraction (0.486, p<0.01), suggesting most of the 
soluble Cd were present in ultrafine particles, there was 
no obvious relationship between the other particle sizes 
and each fraction, and presumably it was caused by the 
complex components and multi-sources of dustfall 
samples. 
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The Cd quantities extracted from the gastric and 
intestinal phase had negative correlations with pH 
values (gastric:-0.422, p<0.05; intestinal:-0.306, 
insignificant), and low correlations with OM values, 
which might be relative to the less oxidizable fraction of 
Cd in dustfalls. Significant correlations between the 
gastro-intestinal phase and mechanical composition of 
dustfalls were observed, with exceptions of inapparent 
coefficients between gastric phase and silt (0.387), 
showing that Cd bioaccessibility can be improved with 
decrease of particle diameter. This is similar to the 
result reported by Smith et al., who found that arsenic 
bioaccessibility increased from 25±16% in the 
<250-microm soil particle fraction to 42±23% in the 
<10-microm soil particle fraction[26].  

Stronger significant positive correlations were 
found between the gastro-intestinal phase and acid 
soluble fracton (gastric:0.735, p<0.01; intestinal:0.678, 
p<0.01), it means that the Cd extracts in the in vitro 
digestion test were mainly supplied from the most 
active fraction. Reducible fraction had an obvious 
positive correlation with gastric phase (0.486, p<0.05), 
but displayed an inapparent relationship with intestinal 
phase (0.366). That might be attributed to high pH in 
intestinal extracted solution which has inhibiting effect 
on release of Cd ions from the binding sites, such as 
Fe/Mn oxides. In recent years, in vitro digestion model 
has been widely applied in bioaccessibility 
determination of heavy metals in various environmental 
media, but uncommon in comparison with the BCR 
sequential extraction phases. One of the few 
publications was conducted in Turkey soils by Karadas 
C[27], finding the highest correlation between the 
gastro-intestinal phase and reducible fraction, rather 
than acid soluble fraction, which is not coincident with 
the result in our work and probably due to the different 
speciation distribution. Cd in the investigated samples 
from Turkey mostly occurred in the reducible fraction, 
while in our work showed the highest affinity for the 
acid soluble fraction. Additionally, considering to the 
weak relationships between the gastro-intestinal phase 
and total Cd (gastric phase: 0.042; intestinal: 0.256), or 
between the acid soluble fraction and total Cd (0.122), it 
also should be noted that results of in vitro digestion test, 
as well as the acid soluble fraction, could be as effective 
indicators for assessing the potential biological toxicity 
of Cd in dustfall, rather than those based on total Cd. 

 
 
 
 
 
 

CONCLUSIONS 
 

According to the study on the five mining areas, 
high concentrations of Cd in dustfalls were observed 
with an average value of 0.766 mg·kg-1, much higher 
than BVA and slightly exceeded EQS. BCR sequential 
extraction results showed that >40% of Cd was mainly 
in the acid soluble fraction, posing a stronger migratory 
ability and a greater potential toxicity to the acid 
environment. Due to the difference of pH values in the 
simulated gastro-intestinal solutions, bioaccessibilities 
of Cd in gastric phase (59.02%-69.48%) were obviously 
higher than those in intestinal phase (21.16%-27.52%), 
revealing that Cd bioaccessibility largely depended on 
their solubility in human stomach. Correlation analysis 
suggested that physicochemical parameters (pH, OM 
and mechanical composition) have important influences 
on the speciation distribution of Cd in dustfalls, as well 
as on the gastro-intestinal phase. Most Cd quantities 
extracted in the gastro-intestinal phase were mainly 
supplied from acid soluble fraction. Both of the results 
of in vitro digestion test and the acid soluble fraction, 
more effective than the total Cd, were proposed for 
representing the potential biological toxicity of Cd in 
dustfall.   
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ABSTRACT 

 
The contents of heavy metals in spent acrylonitrile 

catalyst were analyzed along with the leaching toxicity 
characteristics under different landfill conditions. The 
BCR (European Communities Bureau of Reference) 
sequential extraction procedure and Hakanson’s potential 
ecological risk index method were used to assess the 
morphological features of the spent acrylonitrile catalyst 
and the potential ecological risks of heavy metals, 
respectively. The spent acrylonitrile catalyst contained the 
heavy metals Ni, Cu, Zn, Cr, Pb, As and Hg, and the 
contents of Ni were more than 7.2%. Using the sulfuric 
acid and nitric acid leaching method, leaching toxicity 
analysis showed that the Ni and As concentrations 
exceeded the leaching toxicity identification standard by 
more than 10 times and that the Hg concentration 
exceeded the standard value by 5 times. These results 
indicate that spent acrylonitrile catalyst should be 
identified as hazardous waste. The BCR analysis 
illustrated that the heavy metals in the spent catalyst 
primarily (more than 85%) existed in oxidizable form or 
reducible form and that the contents of the acid 
exchangeable form were commonly higher than those of 
the residual form. Therefore, we predict that the heavy 
metals in spent acrylonitrile catalyst have a high 
probability of leaching and considerable environmental 
availability. According to the potential ecological risk 
index values, the order of potential ecological risk for the 
individual heavy metals was As＞Ni＞Hg＞Cr>Cu＞Zn, 
and the general potential ecological risks were 382.43 and 
382.07 in the two samples, which indicates severe 
potential ecological risk. 

 
KEYWORDS:  
Spent acrylonitrile catalyst; heavy metals; BCR sequential 
extraction; leaching toxicity analysis; ecological risk 
assessment 

 
 
INTRODUCTION 

 
Acrylonitrile is an important chemical raw material 

used mainly for the synthesis of polyacrylonitrile fiber, 

ABS/SAN resin, adiponitrile, acrylamide, and carbon 
fiber. In 2013, the world acrylonitrile yield was 
approximately 5.55 million tons[1], and the Merchant 
Research & Consulting Company predicted that global 
acrylonitrile production would reach 7 million tons in 
2017. Almost all of the acrylonitrile production processes 
in the world presently involve propylene ammonia 
oxidation because of its advantages such as cheap raw 
material, low production cost, and simple production 
processes. The catalyst is the core of this method, and 
approximately 90% of propylene ammonia oxidation 
processes use a Mo catalyst [2,3]. A large number of 
acrylonitrile catalysts are scrapped every year that often 
contain poisonous elements such as Ni (the active catalyst 
component) and other poisonous elements such as As, Pb, 
Cr, and Hg[4]. These elements may come from raw 
materials, reagents, equipment materials, and other 
components used in the actual production process. 

In many of the developing countries, spent catalysts 
are dumped in open areas as solid wastes regardless of 
any eco-sanitary concern[5]. Landfill is one of the most 
important anthropogenic sources of trace as well as heavy 
metals [6]. Spent acrylonitrile catalyst poses a direct risk 
of exposure to the natural environment: the poisonous and 
harmful components may be leached out by rain[7, 8] or 
garbage leachate[9] and subsequently pollute soil and 
water[10]. Therefore, it presents a potential ecological 
risk under inappropriate treatment or disposal conditions. 

Recently, an increasing number of researches [11-
16] on the exposure pathways, transportation and 
transformation behavior and risk assessment of heavy 
metals in different solid wastes were on the account of 
frequent incidents of heavy metals contamination. It is of 
great suspicion that spent acrylonitrile catalysts were 
hazardous wastes, and the hazardous waste identification 
and risk assessment are of great significance. The aims of 
this work were to determine the contents and 
morphological features of heavy metals in spent 
acrylonitrile catalysts, to identify the leaching toxicity 
characteristics, and to assess the potential ecological risk.  
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MATERIALS AND METHODS 
 

CHEMICALS AND REAGENTS 
 
The two spent catalyst samples used in this study 

were obtained from a petrochemical corporation in 
northeastern China. The samples had been generated in 
different periods of the propylene-ammoxidation process. 
All of the chemicals and reagents used in the analyses 
were produced by the Shanghai Lingfeng Chemical 

Reagent Co., Ltd. Standards for H2SO4, HNO3, HCl, and 
CH3COOH were guaranteed reagent and standards for 
CH3COONH4, H2O2, and HONH3Cl were analytical pure. 

 
APPARATUS 
 
The main apparatus used in this study are shown in 

Table 1. 
 

 
 

TABLE 1 
Location map of the study area. 

 
apparatus model manufacturer 
Energy Dispersal X-ray 
Spectroscopy 

Falion 60S EDAX, Inc. 

Inductively Coupled Plasma 
Atomic Emission Spectrometry 

Agilent 725ES Agilent Technologies Inc. 

Microwave Extraction  
Apparatus 

ETHOS A Shenzhen Kwachung Technologies Co., Ltd. 

Table-top, Large Capacity, Low 
Speed Centrifuge 

RJ-TDL-40B Shanghai Baidiantech Instrument Co., Ltd. 

Automated Surface Area and Pore 
Size Analyzer 

TriStarⅡ30 Micromeritics Instrument Co., Ltd. 

Gas Bath Thermostatic Oscillator THZ-82 Jintan Jincheng Guosheng instrument plant 
 
 
SAMPLE CHARACTERISTICS 
 
The BET specific surface area of Sample 1 was 

35.24 m2/g, and the average particle size was 170.26 nm, 
whereas the corresponding data for Sample 2 were 36.32 
m2/g and 165.21 nm. The analysis results of EDS (energy 
dispersal x-ray spectroscopy) and XRD (X-ray 
diffraction) are presented in Table 2 and Fig. 1, 
respectively. XRD patterns were analyzed by 

identification and quantification software (Jade 6.0). The 
existence of heavy metals in the samples was determined 
through the PDF card index method using the card PDF-
2004. Combined with the data provided in Table 2 and 
Fig. 1, this method revealed that the main metal elements 
of the two samples were Mo, Ni and Fe and that the 
samples were typical Mo catalysts for propylene 
ammoxidation to acrylonitrile. 

 
 

TABLE 2 
Results of the EDS analysis (mass fraction, %). 

 
element C O Mg Si Mo Fe Ni 
Sample 1 2.35 34.39 0.87 30.72 20.18 2.86 8.64 
Sample 2 3.40 33.53 1.01 30.18 20.13 2.99 9.38 
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FIGURE 1 

XRD patterns of two spent acrylonitrile catalyst samples 
 
 
ANALYTICAL METHODS 

 
Heavy metals in the aqueous phase were measured 

by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES). Each analysis was conducted 
three times, and the final result was the average of the 
three testing values, and blank analyses were carried out 
during the entire procedure. 

Heavy metal content test. A total of 8 mL of sulfuric 
acid and 2 mL of hydrochloric acid were added to 0.2000-
0.3000 g of spent acrylonitrile catalyst in a digestion tank, 
and the digestion tank was placed into a microwave 
extraction apparatus. The temperature procedure was set 
as follows: heat to 175°C over 20 min, maintain at this 
temperature for 30 min, and then cool to room 
temperature. After cooling, the liquors in the digestion 
tank were transferred to a 50 mL colorimetric tube, 
diluted with deionized water to volume and stored at 4°C 
for analysis. 

Leaching toxicity analysis. During disposal, the heavy 
metals in the spent acrylonitrile catalyst may be leached 
out, potentially migrating into the environment, 
transforming and subsequently polluting the environment; 
therefore, leaching toxicity analysis is necessary. Two 
situations were simulated in this study. Situation 1: The 
spent acrylonitrile catalysts were buried in non-standard 

industrial solid-waste landfill sites. Situation 2: The spent 
acrylonitrile catalysts were buried in sanitary landfills in 
which 15% of the industrial waste was merged with 85% 
of municipal garbage. 

In Situation 1, the leach liquor could be rain, surface 
water or groundwater. Rain is the most common source of 
leach liquor, and there is greater potential for heavy 
metals to be leached out under acid rain conditions. 
Procedures were therefore conducted according to the 
standard (Solid waste. Extraction procedure for leaching 
toxicity. Sulphuric acid & nitric acid method. HJ/T 299-
2007) to simulate Situation 1. In Situation 2, the leach 
liquor was primarily landfill leachate, and acetic acid is a 
typical low molecular weight organic acid in landfill 
leachate [17, 18]. Therefore, procedures were conducted 
according to the standard (Solid waste. Extraction 
procedure for leaching toxicity. Acetic acid buffer 
solution method. HJ/T 300-2007) to simulate Situation 2. 

Sequential extraction procedure. A three-step extraction 
procedure was used to analyze the effective combination 
forms of heavy metals in the spent acrylonitrile catalyst. 
This procedure was first proposed by the Community 
Bureau Reference and is known as BCR [12, 19]. 

Step 1: Twenty milliliters of acetic acid (0.11 mol/L) 
was added to 0.5000 g of spent acrylonitrile catalyst in a 
50 mL centrifuge tube. The centrifuge tube was shaken in 
an oscillator at 25°C for 16 h; during the oscillation 
process, the sample was maintained in a state of 
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suspension. The extract was separated from the solid 
residue by centrifuging (5000 r/min) for 30 min, decanted 
into a polyethylene container and stored at 4°C for 
analysis. The residue was washed with 10 mL of distilled 
water by shaking for 60 min and then centrifuged, and the 
washings were discarded. 

Step 2：The residue from Step 1 was slurried with 
20 mL of hydroxyammonium chloride (0.1 mol/L), 
adjusted to pH 2 with nitric acid), transferred 
quantitatively back to the centrifuge tube and shaken in 
the centrifuge tube artificially to fully scatter the sample. 
The extraction procedure was then performed as in Step 1. 

Step 3: Five milliliters of hydrogen peroxide (8.8 
mol/L, adjusted to pH 2 with nitric acid) was added to the 
residue from Step 2. The centrifuge tube was covered 
with a tube cap, and the contents were digested at room 
temperature for 1 h with manual shaking (once every 15 
minutes). Digestion was continued by heating the tube to 
85°C in a water bath for 2 h. The tube cap was removed, 
and the tube contents were evaporated to a small volume 
(1±0.5 mL). A second addition of 5 mL of hydrogen 
peroxide (8.8 mol/L, adjusted to pH 2 with nitric acid) 
was added, and the digestion procedure was repeated. 
Twenty-five milliliters of ammonium acetate (1.0 mol/L, 
adjusted to pH 2 with nitric acid) was then added to the 
centrifuge tube. The extraction procedure was then 
performed as in Step 1. 

Step 4: The solid residue was retained for microwave 
digestion and analyzed by ICP-AES. 
 

 

POTENTIAL ECOLOGICAL RISK INDEX 
METHOD 

 
The potential ecological risk index method[20, 21] 

proposed by the Swedish scientist Hakanson is one of the 
most common methods used to evaluate heavy metal 
pollution[22, 23]. The contamination factor (Fi) of a 
single heavy metal was used to evaluate the pollution 
level of the single heavy metal in the spent acrylonitrile 
catalyst samples. The formula for the calculation of Fi is 
as follows: 
Fi=Ci/Ce   (1) 

Where Fi is the contamination factor for a single 
heavy metal, Ci is the measured value of the heavy metal 
in the samples, and Ce is the parameter for calculation 
with reference to the Grade III standard of environmental 
quality for soil (National Quality Standard for Soil 
Environment GB15618-2008) (Table 3). The potential 
ecological risk factor and the potential toxicity response 
index of elements were estimated as proposed by 
Hakanson[24-26] (Table 4). 

The potential ecological risk factor (Ei) of a single 
heavy metal is calculated by the following formula: 
Ei= Ti·Fi    (2) 
where Ti is the Hakanson toxicity coefficient of heavy 
metals for a given heavy metal. The formula of the 
potential toxicity index is as follows: 
R=∑Ei     (3) 

The assessment results of all of the evaluation 
criteria of the potential ecological risk of metals are 
presented in Table 5. 

 
 

TABLE 3 
Grade III standard of environmental quality for soil (mg/kg) 

 
element Ni Cu Zn Cr Pb As Hg 
standard value 200 400 500 300 400 40 1.5 

 
 
                                                                                   TABLE 4 

Hakanson toxicity coefficients of heavy metals 
 

element Ni Cu Zn Cr Pb As Hg 
toxicity 
coefficient 

5 5 1 2 5 10 40 

 
 

TABLE 5 
Grading standards of potential ecological risk of heavy metals 

 
scope of potential 
ecological risk index (Ei) 

ecological risk of single-
factor pollution 

scope of potential toxicity 
index (R) 

general level of potential 
ecological risk 

Ei <40 Low R<150 Low grade 
40≤Ei<80 Moderate 150≤R<300 Moderate 
80≤Ei<160 Higher 300≤R<600 Severe 
160≤Ei<320 High 600≤R Serious 
320≤Ei Serious   
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RESULTS AND DISCUSSION 
 

CONTENTS OF HEAVY METALS 
 
The contents of heavy metals in the two spent 

acrylonitrile catalyst samples analyzed by ICP-AES are 
summarized in Table 6. Ni, As, Pb, Cr, Cu, Zn and Hg 
were the elements detected in the two samples. The 
content of Ni was greater than 7.2%, which was the 
highest content recorded. The contents of As and Pb were 

also high; Cd was undetected. The components and 
contents of heavy metals were similar between the two 
samples, and the total contents of heavy metals were 
7.36% and 7.55%. The two spent acrylonitrile catalysts 
had similar heavy metal components and contents and 
were constant under the same production process. Due to 
the generally high contents of heavy metals, the 
environmental risks of spent acrylonitrile catalyst should 
not be ignored. 

                                                                                      
 

TABLE 6 
Contents of heavy metals in spent acrylonitrile catalyst (mass fraction, %) 

 
element Ni Cu Zn Cr Pb Cd As Hg total amount 
Sample 1 7.2320 0.0010 0.0010 0.0016 0.0104 nd 0.1104 0.0002 7.3566 
Sample 2 7.4174 0.0010 0.0012 0.0014 0.0130 nd 0.1160 0.0002 7.5502 

 
 
LEACHING TOXICITY ANALYSIS 
 
The results of the leaching toxicity analysis are 

shown in Table 7. There was a large difference in the 
leaching rates of heavy metals between the two different 
leaching methods. The leaching rates were generally 
higher using the sulfuric acid and nitric acid method, 
which indicates that the spent acrylonitrile catalyst 
presented higher toxicity and environmental risk in 
Situation 1. Using the sulfuric and nitric acid leaching 
method, the concentrations of Ni and As exceeded the 
leaching toxicity identification standard by more than 10 
times, and the concentration of Hg exceeded the standard 
by 5 times. Considering As as an example, the 

concentration of As exceeded the leaching toxicity 
identification standard by more than 10 times using the 
sulfuric and nitric acid leaching method, but the 
concentration was lower than the toxicity identification 
standard using the acetic acid buffer solution method. We 
therefore conclude that As poses a greater environmental 
risk in Situation 1. In conclusion, spent acrylonitrile 
catalyst can be considered a hazardous waste based on its 
leaching toxicity characteristics according to the 
Identification Standard for Extraction Procedure Toxicity 
of Solid Waste (GB5085.3-2007), and we recommend 
that it be included in the National Hazardous Waste List 
of China. 

 
 
 

TABLE 7 
Leaching toxicity of spent acrylonitrile catalyst 

 
element Ni Cu Zn Cr Pb As Hg 
identification standards for 
hazardous waste (mg/L) 5 100 100 5 (Cr6+) 5 5 0.1 

Sample 1 

sulfuric acid and nitric 
acid method (mg/L) 75 <0.050 0.40 0.11 1.2 53 0.51 

Leaching rate (%) 0.21% nd 8.00% 1.38% 2.31% 9.60% 51.00% 
acetic acid buffer 
solution method 
(mg/L) 

8.0 <0.050 0.27 <0.050 <0.050 3.2 0.50 

Leaching rate (%) 0.02% nd 5.40% nd nd 0.58% 50.00% 

Sample 2 

sulfuric acid and nitric 
acid method (mg/L) 58 <0.050 0.5 0.09 1.3 55 0.50 

Leaching rate (%) 0.16% nd 8.33% 1.29% 2.00% 9.48% 50.00% 
acetic acid buffer 
solution method 
(mg/L) 

6.9 <0.050 0.39 <0.050 <0.050 3.3 0.48 

Leaching rate (%) 0.02% nd 6.50% nd nd 0.57% 48.00% 
Note: The underlined data exceed the identification standards for hazardous waste. 
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MORPHOLOGICAL FEATURES ANALYSIS 
 
The results obtained by the BCR three-step 

sequential extraction procedure are shown in Table 
8，Fig. 2 and Fig. 3. In general, most of the heavy metals 
(greater than 85% of the total) in the spent acrylonitrile 
catalyst existed in oxidizable form or reducible form, and 
the contents of the acid exchangeable form were 
commonly greater than those of the residual form. The 
high contents of the acid exchangeable form indicate that 
the heavy metals are highly susceptible to leaching and 

that their environmental availability is high. The results 
for S1 (the acid exchangeable form) show that the 
concentrations of As, Cr and Zn are higher in the acid 
exchangeable form than in the other states, which 
indicates that the exchangeable fractions of these metals 
can be easily distributed in the environment. The residual 
form fraction of Pb was the highest residual form fraction 
recorded (more than 42%), indicating that Pb was inactive 
and presented less environmental risk than the other 
heavy metals. 

 
 

TABLE 8 
Morphological features of heavy metals in spent acrylonitrile catalyst (mg/kg). 

 

sample state Ni Cu Zn Cr Pb As Hg total 
amount 

1 

S1 7000 2.10 4.20 5.80 nd 700.00 1.20 7713.30 
S2 27200 2.48 2.88 2.40 0.26 208.00 2.64 27418.66 
S3 36056 4.30 3.50 4.28 74.63 132.86 0.16 36275.85 
S4 3041 1.12 0.00 2.55 55.04 73.08 0.00 3172.92 

2 

S1 6600 2.10 4.50 4.70 nd 750.00 1.12 7362.42 
S2 25600 2.48 2.88 2.40 0.28 224.00 2.64 25834.68 
S3 39081 4.41 4.62 4.56 70.62 108.28 0.24 39273.95 
S4 2893 1.01 0.00 2.34 59.10 77.72 0.00 3032.95 

Notes: S1: Acid exchangeable form; S2: Oxidizable form; S3: Reducible form; S4: Residual form 

 
FIGURE 2 

Speciation content of heavy metals in Sample 1 based on the BCR procedure 
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FIGURE 3. 

Speciation content of heavy metals in Sample 2 based on the BCR procedure 
 
 
POTENTIAL ECOLOGICAL RISK 
ASSESSMENT RESULTS 
 
To assess the potential ecological risk of heavy 

metals in the spent acrylonitrile catalyst samples, the 
results of the acid exchangeable form (S1) of the heavy 

metals were selected to calculate Ci because other 
researchers have confirmed that the exchangeable form is 
the direct phase polluting the environment. The potential 
ecological risk assessment of the heavy metals in the two 
samples is shown in Table 9. 

 
 
 

TABLE 9. 
Potential ecological risk assessment results of heavy metals in spent acrylonitrile catalyst 

sampl
e 

potential ecological risk index values for heavy metals (Ei) 
general potential 
ecological risk (R) 

Ni Cu Zn Cr As Hg Value Grade 
1 165.00 0.03 0.01 0.03 187.50 29.87 382.43 Severe 
2 175.00 0.03 0.01 0.04 175.00 32.00 382.07 Severe 

 
 

As shown in Table 9, the heavy metal with the 
highest single potential ecological risk (Ei) was As, 
with values of 187.50 and 175.00 in the two 
samples. The values for Ni were 165.00 and 175.00. 
The potential ecological risk index values for As 
and Ni were high, whereas the values for Cu, Zn, 
Cr, and Hg were low, indicating low potential 
ecological risk for the latter heavy metals. The 
exchangeable form fraction (S1) of Pb in the 
samples was very low and below the detection 
limit; therefore, Pb is not presented in Table 9 and 

may be classified as no risk. The order of potential 
ecological risk index values for the heavy metals 
was As＞Ni＞Hg＞Cr＞Cu＞Zn. The general 
potential ecological risk, as measured by the 
potential toxicity index (R), was 382.43 and 382.07 
in the two samples, indicating that the spent 
acrylonitrile catalyst poses severe potential 
ecological risk. In summary, the heavy metals 
posing the greatest ecological risk in spent 
acrylonitrile catalyst are As, Ni and Hg, and 
because the general ecological risk is severe, 
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treatment must be carried out before disposal of this 
material. 

 
 
CONCLUSIONS  

 
(1) The two spent acrylonitrile catalyst samples 

contained heavy metals (Ni, Cu, Zn, Cr, Pb, As and 
Hg). The content of Ni was greater than 7.2%, and 
the concentrations of Ni, As and Hg exceeded the 
leaching toxicity identification standard using the 
sulfuric acid and nitric acid leaching toxicity 
method according to the identification standard for 
hazardous wastes. Therefore, the spent acrylonitrile 
catalyst can be identified as hazardous waste and 
should be added to the National Hazardous Waste 
List of China. 

(2) Most of the heavy metals in the two spent 
acrylonitrile catalyst samples existed in either 
oxidizable form or reducible form (more than 85%), 
and the contents of the acid exchangeable form 
were commonly higher than the residual form. The 
acid exchangeable form fractions were higher than 
the other fractions for As, Cr and Zn, which 
indicates that the exchangeable fractions of these 
metals can be easily distributed in the environment. 
The environmental availability of heavy metals in 
spent acrylonitrile catalyst was high, indicating a 
high potential for leaching. 

(3) According to Hakanson’s potential 
ecological risk index method, the potential 
ecological risk index values for single heavy metals 
decreased in the order 
As＞Ni＞Hg＞Cr＞Cu＞Zn. As and Ni pose 
severe potential ecological risk to the environment, 
and the general level of potential ecological risk of 
the two samples was “Severe”. Considering these 
results, treatment of this material must be carried 
out before disposal. 
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ABSTRACT  

 
In cotton cultivation, insecticide a.i. against red 

spider mite (Tetranychus cinnabarinus (Biosduval)) 
has approximately applied as 3,211.6 kg. For this 
kind of an insect control, in 2013, five active 
ingredients were used in cotton cultivation in Adana, 
Turkey. These active ingredients included abamectin, 
etoxazole, hexythiazox, propargite and spiromesifen. 
The objective of this research was to determine a 
buffer zone for the recommended dose by 
manufacturer (RD) and applied dose by farmers (FD) 
according to aquatic organisms in cotton cultivation. 
In this research, all a.i., risk index (RI) values were 
assessed according to distance (Z) between nozzle 
and downwind field for Dutch Drift Model (DDM), 
and field border and downwind field for German 
Drift Model (GDM). Buffer zones (ZRI=1) for all a.i. 
were calculated by developed equations via RI values 
at different distances. Buffer zone was found as ≥ 18 
m for abamectin and ≥ 16 m for propargite in RD. It 
was determined as ≥ 27 m for abamectin and ≥ 25 m 
for propargite in FD. Buffer zone was assessed as ≥ 3 
m for etoxazole and ≥ 4 m for spiromesifen in RD. It 
was calculated as ≥ 4 m for etoxazole and ≥ 5 m for 
spiromesifen in FD. In this study, buffer zones for FD 
were determined to be wider than RD’s in two 
models. 

 
KEYWORDS:  
Buffer zone; Environment; Aquatic organisms; 
Cotton; Red spider. 
 
 

INTRODUCTION 
 

Cotton is cultivated on an area of over 30 
million hectares and cotton production is over 25 
million tonnes around the world [1]. In Turkey, 
cotton is mainly produced in the Mediterranean 
Region, Aegean Region and Southeast Anatolian 

Region. Located in the south of Turkey, Adana 
province is in Mediterranean Region and has 
approximately 540 000 ha agricultural land. In 2012, 
the harvested area of cotton was 45 584 ha in Adana 
out of overall 488 496 ha in Turkey [2]. In Adana, 
cotton production in 2012 was 327 556 tonnes out of 
overall 2 320 006 tonnes in Turkey. This value equals 
to 14.1% of cotton production in Turkey [3]. In cotton 
cultivation, there are insects such as thrips, aphids, 
cotton bollworm, spider mites, plant bugs, whiteflies 
and stinkbugs. In Turkey, two species of red spider 
mites are harmful in cotton cultivation: Tetranychus 
cinnabarinus, damages in Mediterranean Region, and 
Tetranychus urticae, insect in Aegean Region and 
Southeast Anatolia Region. In winter, red spider 
mites live on weeds in the field and orchard border, 
and bushes near cotton fields. When climate starts to 
warm and cotton seeds germinate in spring, red spider 
mites settle into cotton fields. In Turkey, population 
of red spider mites reaches to maximum level in 
August. In Adana, pesticides are applied against red 
spider mites from beginning of May to mid-
September according to weather conditions and pest 
population [4]. 

In Turkey, in 2010, pesticides a.i. were used 
approximately as 23000 tonnes in agriculture [5]. In 
2010, pesticides a.i. were used approximately by 
35.14% for insecticides in pesticide applications [5]. 
In 2013, to control the red spider mites, five a.i. were 
used in a 22 700 ha cotton cultivation area in Adana. 
These a.i. included abamectin, etoxazole, 
hexythiazox, propargite and spiromesifen. 
Information about these a.i. were given as below and 
in Figure 1 [6-8]. 

Abamectin (C49H74O14) is a natural fermentation 
product of this bacterium and acts as a selective 
acaricide and insecticide for use in ornamentals 
(Figure 1a). Etoxazole (C21H23F2NO2) (Figure 1b) and 
spiromesifen (C23H30O4) (Figure 1c) are insecticides. 
Hexythiazox (C17H21ClN2O2S) (Figure 1d) and 
propargite (C19H26O4S) (Figure 1e) are acaricides.  
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(a)       (b)         (c)   (d)    (e) 
 

FIGURE 1. 
Chemical formulation of active ingredients [6] 

 
 

In cotton cultivation, in 2013, farmers applied 
the above shown pesticide a.i. for improving yield 
and quality of cotton against red spider mites in 
Adana. Yet, farmers generally apply overdose 
pesticides instead of the recommended dose (RD) on 
the product label. Yassin et al. (2002) determined that 
43% of the farmers in Gaza Strip applied more than 
the recommended dose, and 91.3% had toxicity 
symptoms among these farmers [9]. In addition, 
Damalas et al. (2006) found that 46.2% of the farmers 
often apply more doses than the recommended doses 
[10]. Demircan and Yılmaz (2005) determined that 
farmers applied 5.71%-186.00% for fungicides, 
14.71%-116.67% for insecticides, and 12.00%-
105.26% for acaricides more than the recommended 
dose (RD) in apple production in Isparta province, 
Turkey [11]. Moreover, Zeren et al. (1996) observed 
that only 15% of the farmers apply pesticides 
according to the recommended dose (RD) on the 
product label in Içel province, Turkey [12]. 

In pesticide applications, pesticides are harmful 
for non-target organisms such as human, aquatic 
organisms, bees, earthworms, soil, groundwater, etc. 
[13-16]. Pesticide drift depends on meteorological 
conditions, application equipment and methods, 
physical properties of pesticide etc. [17-21]. 
Therefore, pesticide applications have negative 
effects on human and environment. Yılmaz et al. 
(2003) detected pesticide in Seyhan and Ceyhan 
River, Adana. Pesticides that are named as bromacil, 
chlorpyrifos, dicofol and tetradifon a.i. were 
determined in these river samples with varying 
concentrations (0.23-7.14 g l-1) [22]. Pesticide 
pollution cannot be eliminated, yet can be minimized. 
There is a way to minimize the pesticide pollution on 
aquatic organisms: a buffer zone. Buffer zone is 
defined as the distance between spray equipment or 
target field border and sensitive organisms off field. 
Buffer zone should be used to protect the 
environment against the negative effects of pesticides 
[23, 24]. Snoo and Witt (1998) suggested that buffer 
zones could be well adopted in agricultural practices 
[25]. Carluer et al. (2011) described that buffer zones 
can reflect beneficial tools limiting pesticides 

transferred towards surface water [26]. Syversen and 
Bechmann (2004) found that drift of pesticides from 
field to surface waters can induce environmental 
damage to aquatic organisms and fish. Vegetated 
buffer zones between surface waters and agricultural 
field have been proven as effective filters for 
sediments and sediment bound nutrients. Buffer zone 
can also be effective filters for pesticides and 
particles [27]. Buffer zone should be used to protect 
the environment against the negative effects of 
pesticides. Payne et al. (1988) informed that buffer 
zone was guessed by choosing an acceptably low 
mortality and determining the downwind distance at 
which this value was obtained [28]. Davis and 
Williams (1990) reported that buffer zones should be 
placed according to the downwind of the sprayed 
areas by estimating the distance at which bees would 
encounter an LD50 dose from spray drift. They 
assessed that for ground spraying at low wind speeds 
(≤ 3 m/s) this zone of risk is up to 5 m for the great 
majority of compounds [29]. 

The Dutch (DDM) and German Drift Model 
(GDM) help researchers predict the pesticide drift at 
certain distances in the downwind field [30-32]. 

The objective of this study was to assess the 
buffer zone for the recommended dose by 
manufacturer (RD) and applied dose by farmers (FD) 
according to DDM and GDM for aquatic organisms 
in pesticide application against red spider mites in 
cotton cultivation, in Adana, Turkey. 

 
 
MATERIAL AND METHODS 

 
In this research, abamectin, etoxazole, 

hexythiazox, propargite, and spiromesifen were used 
for red spider mites control in cotton cultivation in 
Adana, Turkey, in 2013. Firstly, risk index (RI) 
values were determined for aquatic organisms 
according to DDM and GDM, and then buffer zones 
were calculated for RD and FD in DDM and GDM. 

 



by PSP Volume 25 – No 1/ 2016   Fresenius Environmental Bulletin    

 
 

185 
 

 

Determination of the Risk Index (RI). RI 
values for aquatic organisms were calculated by 
Equation 1 [31, 33].  ��� � �� �� � = ( �.% ����.��� ℎ. )i  � �  (Eq.1) 

D: the applied dose of a.i. (mg m-2);  
%drift: drift deposition of a.i. at a point 

downwind the field (in %);  
n: the number of applied doses;  
dditch: the depth of the ditch (m) and 
min(NORMw): toxicological reference on 

aquatic organisms (mg l-1). 
%drift was calculated by Equation 2 for DDM, 

and Equation 3 for GDM [31]. 
 % � = −�. + −�.  (Eq.2) 
z is the distance between the last spray nozzle 

and a point downwind the field (m) and A0, B0, A1 
and B1 are coefficients that depend on crop [31]. In 
DDM, there are six categories: bare soil, sugar beets, 
potatoes, cereals, leaf and leafless fruit trees. In this 
research, cotton was taken into account as a potato 
category. For this reason, coefficients were taken as 
114 for A0, 1.74 for A1, 1.29 for B0, and 0.139 for B1 
[31]. 

% � = .    (Eq.3) 
z is the distance between the field border and a 

point downwind the field (m) and, A and B are 
coefficients [31]. There are three categories in GDM. 
These are early fruit application, late fruit application 
and field crops. In this study, cotton was taken as 
field crops. Therefore, coefficients were taken as 
2.7593 for A, and -0.9778 for B in GDM[31]. 

In this research, min(NORMw) was calculated as 
toxicological reference by Equation 4 and 5 [31]. 
Daphnia had the lowest min(NORMw), and was used 
as the toxicological reference for abamectin, 
etoxazole, hexythiazox, and propargite a.i. (Eq. 4). 
Fish was used for spiromesifen a.i. because of having 
the lowest min(NORMw) (Eq. 5). min � �  �� ℎ �� =  5  (Eq.4) min � �  �� ℎ =  5  (Eq.5) 

In Equations 4 and 5, EC50 is the median effect 
concentration (mg l-1) and LC50 is the median lethal 
concentration (mg kg-1).  

Farmers apply overdose pesticide (FD) more 
than the recommended dose (RD). Table 1 represents 
the concentration, dose and min(NORMw) values of 
used a.i. in this research. 

 
 

TABLE 1 
Concentration, dose and min(NORMw) values of used a.i. 

Active ingredient 
(a.i.) 

Concentration of a.i. 
(g l-1) 

RD* 
(kg ha-1) 

FD**  
(kg ha-1) 

min(NORMw)  
(g l-1) 

Abamectin 
Etoxazole 
Hexythiazox 
Propargite 
Spiromesifen 

18 
50 
50 
570 
240 

0.009 
0.055 
0.050 
1.140 
0.096 

0.0135 
0.0825 
0.0750 
1.7100 
0.1440 

0.001 
0.071 
4.700 
0.140 
0.160 

*RD: Recommended dose of a.i. by manufacturer.**FD: Applied dose of a.i. by farmers. 
 
 
Assessment of buffer zone. Buffer zone (ZRI=1) 

for DDM and GDM was determined by RI according 
to z in Eq. 1 and 2. For aquatic organisms, if RI value 
is higher than 1, it indicates high risk. If RI is equal to 
or lower than 1, it means minimum risk, and indicates 
a safe situation.  

RESULTS AND DISCUSSION 
 

In this study, RI values at different distances 
were calculated by Eq. 1. RI values at 1 m (RIw,1) for 
each a.i. were presented in Table 2. 
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TABLE 2 
RIw,1 values for each a.i. 

 

Active ingredient 
(a.i.) 

RIw,1 
DDM GDM 

RD FD RD FD 
Abamectin 84.214 126.320 16.556 24.834 
Etoxazole 7.248 10.872 1.425 2.137 
Hexythiazox 0.099 0.149 0.019 0.029 
Propargite 76.193 114.289 14.979 22.468 
Spiromesifen 10.417 15.625 1.103 1.655 

 
 
As seen in Table 2, RIw,1 values for hexythiazox 

were assessed to be lower than 1.000 in DDM and 
GDM, and RD and FD. As mentioned above, equal to 
or lower than 1.000 means minimum risk and safe 
distance. For this reason, hexythiazox was ignored in 
the buffer zone calculations because of its RIw,1 value. 
In this study, RIw,1 values for other a.i. were 
determined to be higher than 1. Therefore, we 

calculated ZRI=1 for buffer zone assessment except 
hexythiazox. 

Figure 2 represents the RI values at different 
distances in downwind for RD and FD for each a.i. in 
Dutch and German models. RI values were shown in 
Figure 2a, 2b, 2c and 2d, presented each a.i. with 
abamectin, etoxazole, propargite and spiromesifen.  

 
 

 
(a)       (b) 

 
(c)       (d) 

 
FIGURE 2 

Relationship between RI and buffer zone for a.i. in two models and two doses 
 
 
As seen in Figure 2a, it was observed that buffer 

zone (ZRI=1) was <15 m in DDM and <20 m in GDM 
for RD, and<20 m in DDM and <30 m in GDM for 
FD. Figure 2b shows <5 m buffer zones for RD and 

FD in two models. It was observed that buffer zone 
was <15 m in DDM and <20 m in GDM for RD, and 
<20 m in DDM and <25 m in GDM for FD (Figure 



by PSP Volume 25 – No 1/ 2016   Fresenius Environmental Bulletin    

 
 

187 
 

 

2c). Figure 2d represents <5 m buffer zones for RD 
and FD in two models.  

As buffer zone increases, pesticide 
contamination decreases in aquatic organisms. Yet, 
wider buffer zone near agricultural land means less 
arable land in this region. Sieber et al. (2010) 
assessed that in some rural districts, 30 m buffer zone 
would result in the conversion of around 12% of the 
district’s area, in Germany [34]. Moreover, they 
determined that the “gross value added in relation to 
factor costs” in agriculture declined by 0.08% for 3 
m, 1.20% for 30 m, and 2.04% for 50 m buffer zone 
width. 

We have to know the exact buffer zone width to 
protect the conversion from agricultural land to buffer 
zone. Therefore, Equations 6 - 9 were developed by 
using Fig.2a. These equations were used for the exact 
buffer zone (ZRI=1) according to RD and FD in two 
models for abamectin. � = . − .            � = .  
     (Eq. 6) = . − . � = .  
     (Eq.7) � = . − .            � = .  
     (Eq.8) = . − .            � = .  
     (Eq.9) 

Equations 10 - 13 were developed by using 
Fig.2b. These equations were used for the exact ZRI=1 
according to RD and FD in two models for etoxazole. � = . − .              � = .  
     (Eq.10) = . − .              � = .  
     (Eq.11) � = . − .              � = .  
     (Eq.12) 

= . − .              � = .  
     (Eq.13) 

Equations 14 - 17 were developed by using 
Fig.2c. These equations were used for the exact ZRI=1 
according to RD and FD in two models for 
propargite. � = . − . � = .  
     (Eq.14) = . − . � = .  
     (Eq.15) � = . − . � = .  
     (Eq.16) = . − . � = .  
     (Eq.17) 

Equations 18 - 21 were developed by using 
Fig.2d. These equations were used for the exact ZRI=1 
according to RD and FD in two models for 
spiromesifen. � = . − . � = .   
     (Eq.18) = . − . � = .  
     (Eq.19) � = . − . � = .   
     (Eq.20) = . − . � = .   
     (Eq.21) 

 
According to Equations 6 –9 for abamectin, 10 – 

13 for etoxazole, 14 – 17 for propargite and 18 – 21 
for spiromesifen, ZRI=1were exactly calculated for RD 
and FD in two models, and presented in Table 3 for 
each a.i. In addition, Table 3 represents the 
percentage increase of the ZRI=1value for RD and FD 
in two models. 

 
 

TABLE 3. 
Calculated ZRI=1values for each a.i. 

 
Active ingredient 

(a.i.) 
ZRI=1 (m) 

DDM GDM 
RD FD % increase RD FD % increase 

Abamectin 14.09 17.05 21.00 17.64 26.70 51.36 
Etoxazole 2.78 3.59 29.00 1.44 2.17 50.69 
Propargite 13.55 15.88 17.19 15.92 24.10 51.38 
Spiromesifen 3.49 4.51 29.23 1.10 1.67 51.82 

 
 
As seen in Table 3, ZRI=1 for abamectin was 

calculated as 14.09 for RD-DDM, 17.05 for FD-
DDM, and 17.64 for RD-GDM, 26.70 for FD-GDM. 
ZRI=1 for etoxazole were calculated as 2.78 for RD-
DDM, 3.59 for FD-DDM, and 1.44 for RD-GDM, 

2.17 for FD-GDM. ZRI=1 for propargite was calculated 
as 13.55 for RD-DDM, 15.88 for FD-DDM, and 
15.92 for RD-GDM, 24.10 for FD-GDM. ZRI=1 for 
spiromesifen was calculated as 3.49 for RD-DDM, 
4.51 for FD-DDM, and 1.10 for RD-GDM, 1.67 for 
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FD-GDM (Table 3). As seen in Table 3, FD values 
are higher than RD values in all a.i. Bozdogan and 
Yarpuz-Bozdogan (2008) assessed that dose in a 
pesticide application is the major determining factor 
for buffer zone width [24]. Ucar and Hall (2001) 
informed that application rate is one of the important 
factors on buffer zone distance [35]. Marrs et al. 
(1993) found that increasing need to protect semi-
vegetation from potential effects of herbicide drift, 
and that buffer zones may need to be 20 m wide [36]. 
Snoo and Witt (1998) indicated that when 3m buffer 
zone was used the deposition of drift in the ditch 
decreases minimum of 95% [25]. Sieber et al (2010) 
determined that the buffer zone width of 0-3 m 
reduces the pesticide risk by around 60%, whereas 
going from 30 to 50 m reduces the risk by only 2% 
[34]. Yarpuz-Bozdogan and Bozdogan (2009) 
compared the percentage drift of model and field 
using different types of hydraulic nozzles. They 
determined that percentage drift at 5 m compared to 1 
m distance decreased approximately by 12 folds in 
flat fan nozzle (F 11006), 10 folds in hollow cone 
nozzle (D4-45) and 15 folds in low drift nozzle (LD 
11003) in the actual pesticide application, 9 folds in 
Dutch and 5 folds in German models [32]. 

As seen in Table 3, the percentage of the 
increase in FD was higher than in RD as 21.00% for 
abamectin, 29.00% for etoxazole, 17.19% for 
propargite and 29.23% for spiromesifen in DDM. The 
percentage of the increase in FD was more than 50% 
in GDM. The percentage of the increase was lower in 
DDM than in GDM. deJong et al. (2008) showed that 
in 2005 with unsprayed buffer zones and other 
measures in place, percentages are down to 21% for 
insecticides, 41% for herbicides and 14% for 
fungicides [37]. 
 
 

CONCLUSION 
 

Results of this research show that buffer zone is 
important to minimize the pesticide contamination on 
aquatic organisms. Buffer zone was found as ≥ 18 m 
for abamectin and ≥ 16 m for propargite in RD. It was 
determined as ≥ 27 m for abamectin and ≥ 25 m for 
propargite in FD. Buffer zone for was assessed as ≥ 3 
m for etoxazole and ≥ 4 m for spiromesifen in RD. It 
was calculated as ≥ 4 m for etoxazole and ≥ 5 m for 
spiromesifen in FD. In all a.i. and two models, buffer 
zones of FD are higher than RD. Therefore, farmers 
should conform to the recommended doses on 
product’s label. If not, pesticide contamination in 
environment occurs as a major problem for aquatic 
organisms. It can be derived from this study that 
farmers have to be informed about the importance of 
the buffer zone, and lectures on agriculture and 

environment should be given to farmers’ children in 
rural schools for agricultural sustainability. 
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ABSTRACT 
  
It is nowadays possible to remedy polluted 

soils by using various physical, chemical, and 
biological methods. One of these possible 
biological remediation methods is 
phytoremediation, a technique that involves the use 
of plants to clean up polluted soils. As the quantity 
of available water decreases in the present-day 
world, water is becoming an increasingly more 
valuable resource. In this context, deficit irrigation 
is a novel approach developed in recent years, 
aiming for the effective use of water resources.  

In this study, Tagetes erecta, a plant 
commonly employed for the cleaning and 
reclamation of soils polluted with heavy metals, 
was used at different water levels (IR40, IR60, 
IR80, and IR100) and at different doses of Nickel 
(Ni) (0, 50, 100, and 200 mg/kg). Under the study 
conditions, the Ni and water uptake of the Tagetes 
erecta plant, as well as its uptake of other elements 
were evaluated and observed that as the Ni doses 
increased, the plant entered into heavy metal stress 
and reduced its water consumption. The level of 
irrigation and deficit irrigation practices 
significantly affect the leaf area, the chlorophyll 
content of the young leaves, the fresh (FW) and dry 
weights (DW) of shoot, the root dry weight, and the 
level of Ni removed through the action of plant 
organs above the soil. Tagetes erecta L. reacted to 
both heavy metal and water stresses by reducing the 
amount of biomass produced and the area of its 
leaves. In addition, the plant removed the largest 
amount of Ni from the soil in 50 mg/kg Ni 
application (682 µg/shoot), with higher doses of Ni, 
resulting in a slight decrease in the amount of Ni 
removed from the soil.  

 
KEYWORDS: 
Phytoremediation, Ni, irrigation, deficit, soil, pollution 

 
 
 
 

INTRODUCTION 
 

   The water and soil resources of our world 
are decreasing with each passing day. The expected 
growth in world population, the potential changes 
in climate, and the continually growing demand for 
water are very likely to further worsen the depletion 
of these highly valuable resources around the world 
[1-7]. 

   The rapid and accelerating growth in world 
population has led to a parallel increase in food 
demand, and, by extension, to a parallel increase in 
the utilization of natural resources. In Europe, for 
instance, the amount of land irrigated per person 
has, over the years, increased from 0.022 to 0.035 
[8]. Under these circumstances, it has nowadays 
become necessary to decrease agricultural water 
consumption by employing different methods, such 
as reducing the amount of water required by crops 
[9, 10]. One of the methods employed for ensuring 
water use efficiency (WUE) is deficit irrigation [11, 
12], a practice where crops are systematically 
irrigated with less water than they normally require 
with the aiming of achieving greater yields for a 
given level of irrigation [13, 14]. In this approach, 
crops are subject to water stress during part or all of 
their growing period, without causing a 
considerable decrease in crop yield [15]. 

   In addition to the decrease and pollution of 
water resources, another factor that threatens human 
societies is soil pollution [16]. Wastes generated by 
residential areas, exhaust gases, industrial wastes, 
pesticides, and chemical fertilizers are the main 
contributors of soil pollution. Heavy metals 
represent one of the most important groups of 
environmental pollution, with 129 heavy metals 
being classified as priority pollutants in the list 
prepared by the United States Environmental 
Protection Agency (EPA) [17, 18]. Heavy metal 
pollution represents a significant environmental 
issue, since heavy metals cannot be easily removed 
or eliminated from nature, and can have toxic 
effects on animals, plants, and microorganisms 
even at low doses; moreover, heavy metals tend to 
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accumulate in water, soil, and living organisms, 
such that even relatively small quantities of heavy 
metals released into the environment can eventually 
reach toxic levels [19]. As a heavy metal and 
pollutant, Nickel (Ni) is commonly found in soils. 
Although Ni is used as a nutrient required by many 
organisms, it is only necessary in small quantities; 
consequently, large concentrations of Ni have toxic 
effects on plants and animals [20, 21]. The mean 
concentration of Ni in soil is generally about 50 
mg/kg soil, and ranges between 5 and 500 mg/kg 
soil. However, in agricultural soil and soils formed 
from igneous rocks, Ni concentrations tend to be 
higher, ranging between 3 to 1000 mg/kg soil and 
2000 to 6000 mg/kg soil, respectively [22].  

Nowadays, it is possible to remedy polluted 
soils by using various physical, chemical, and 
biological methods. Phytoremediation, which is a 
biological remediation method, represents a low-
cost and effective alternative compared to other 
remediation approaches. Phytoremediation is 
recently developed environmentally friendly 
approach involving the utilization of plants for 
remedying soils, surface and ground waters, and 
sediments by eliminating organic pollutants, 
radionuclide’s and heavy metals [23]. 

 
   In this study, Ni removal, accumulation, and 

tolerance of the Tagetes erecta – a plant commonly 

used for the phytoremediation of soils polluted with 
certain heavy metals doses and different levels of 
irrigation. 

 
 
MATERIALS AND METHODS 

 
   Soil obtained from the first 0 to 30 cm layer 

of the Paşaköy series was used. The Paşaköy series 
is one of the commonly found soils of the Amik 
plain in Hatay, Turkey. The soils used in this study 
had a pH of 7.56, a lime content of 5.06%, and an 
organic content of 1.48%; the soils also had a 
clayey texture (Table 1). 

Prior to planting, a Ni solution was applied at 
four different concentrations (0, 50, 100, and 200 
mg/kg) to the soil in the pots. The pots were then 
incubated under controlled conditions for three 
weeks at 80% field capacity. Immediately before 
planting, 200 mg/kg of N (from (NH4)2SO4), 100 
mg/kg of P, and 125 mg/kg of K (from KH2PO4), 
and 2.5 mg/kg of Fe (from Fe-EDTA) were added 
to the soil. The Tagetes erecta L. plant species was 
used in the experiments. Tagetes erecta L. 
(Compositae) is a commonly found plant, also 
called the Marigold [24]. 

 

 
 

TABLE 1 
The chemical and physical properties of the study soil 

 
Properties Unit Content Properties Unit Content 

Organic Matter % 2.55 pH  7.56 
Organic carbon  % 1.48 Salt % 0.216 
K  % 77.28 EC dS/m 4.35 
P % 19.14 Texture  Clay 
CaCO3 (Lime) % 5.06 Field Capacity Pw/Pw (%) 43 

 
 
  The plant seeds were germinated in a peat 

and perlite mix (1:1 ratio) [25], under a 16/8 hour 
light/dark cycle, and at 60-70% relative humidity 
and a temperature of 22-25oC. After the plants 
developed two to three leaves and an adequate root 
system, they were transferred to experiment pots. 
Fertilizers were provided only one to the plants at 
the beginning of the experiment. The experiment 
was based on three repeats according to a factorial 
experiment design in randomized parcels. The 
experiment was performed in a climate chamber 
with light, temperature, and humidity control. Four 
different levels of irrigation were used during the 
experiment. These irrigation levels were 40% of 
full irrigation (IR40; 60% deficit), 60% of full 

irrigation (IR60; 40% deficit), 80% of full irrigation 
(IR80; 20% deficit) and full irrigation (IR100).  

   After the plants adapted to the soil and 
became lively, the irrigation program was applied 
under vegetation cover of 20%. All pots were 
weighed before irrigation (IR40, IR60, IR80, and 
IR100). For each pot, the amount of water 
necessary for IR100 irrigation was calculated based 
on the difference between their weight at field 
capacity and their current weight. Irrigation at IR80, 
IR60, and IR40 was performed by applying 80%, 
60%, and 40% of the amount of water calculated 
for IR100. Irrigation was performed every three 
days and continued until harvest.  
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After being transferred to pots, plants were 
grown for approximately six weeks until reaching 
the highest biomass before their flowering. Certain 
morphological and phonological observations were 
made of the plant during the experiments. The areas 
of the leaves and fresh weights (FW) of plants were 
measured at the time of harvest. The chlorophyll 
content of the leaves was measured using the 
Chlorophyll meter (Konica-Minolta SPAD-502) 
device according to [26] method.  

   After harvesting, the plant samples were 
rinsed in de-ionized water and then dried at 70oC. 
The dry weights (DW) of the plants shoots (the 
plants above ground biomass) were measured and 
plant samples grind with an agate mill (Retcsh 
RM200). Then the plant samples were wet 
composted with HNO3 and H2O2 in microwave 
oven (MarsXpress CEM). The cadmium (Cd), lead 
(Pb), nickel (Ni), zinc (Zn), copper (Cu), iron (Fe), 
manganese (Mn), phosphor (P), calcium (Ca), and 
magnesium (Mg) concentrations of the plant 
samples were determined by Inductively Coupled 
Plasma-Atomic Emission Spectrometry (ICP-AES; 
Varian Series-II). Using the wet decomposition 
method, K and Na concentrations were measured 
with a flame photometer [27].  

   In addition to performing morphological and 
chemical analyses, we also evaluated the 
physiological changes of the plants, as well as the 
level of sulfhydryl group/reduced glutathione (–
SH), superoxide dismutase (SOD), and proline, 
which are enzymes/chemicals that eliminate 
reactive oxygen species, were also evaluated. To 
assay the enzymes/chemicals in question, fresh leaf 
samples were taken from shoot, weighed, and then 
subjected to chemical content analysis. 

   The analysis of -SH (reduced glutathione) 
and (SOD) superoxide dismutase activity was 
performed according to [28]. Proline concentration 
was determined according to [29]. Nitrogen (N) 
analysis of the plant samples was performed 
according to the Kjheldal method [30]. 

Analysis of variance for data was performed 
using the SPSS-17 statistical analysis program, and 
according to the factorial experiment design in 

random parcels. Comparisons between means were 
performed using the LSD test [31]. 

 
 
RESULTS AND DISCUSSION 

  
 In accordance with the irrigation program, the 

amount of irrigation gradually decreased from 
IR100 plants to the IR40 plants (Table 2). On the 
other hand, a gradual increase in the dose of Ni 
from 0 to 200 mg/kg was associated with a decrease 
in the amount of irrigation. The only exception to 
this was the slight increase in the level of irrigation 
for IR80 plants at the Ni doses of 50 mg/kg. 

   An increase in the level of irrigation was 
associated with an increase in ET values. However, 
as the level of irrigation increased from IR80 to 
IR100, a slight decrease was observed in the ET 
value. On the other hand, at all levels of irrigation, a 
decrease in Ni levels from 200 to 0 g/kg was 
associated with an increase in ET values. It is 
therefore possible to state that an increase in Ni 
doses resulted in heavy metal stress that reduced 
evapotranspiration. 

   Table 3 shows the effect of Ni doses and 
irrigation levels on the plant’s growth parameters. 
The biomass of the plants above ground (shoot), 
which was 79.3 g/shoot in the control application 
decreased to 51.2 g/shoot during 200 mg/kg Ni 
applications. According to the LSD test, there were 
three homogenous groups: a control group, a 200 
mg/kg Ni group, and a group comprising both the 
50 and 100 g/kg Ni applied plants. Increasing water 
stress led to a noticeable decrease in FW; while 
biomass was 88.1 g/plant in the control 
applications, it decreased to 46.5 g/shoot following 
60% reduction in irrigation. According to the LSD 
test, every irrigation level represented a different 
group. The DW of plant parts above the surface 
demonstrated a behavior and grouping statistically 
similar to that the FW. This indicated that these 
irrigation practices/levels can be an important 
problem for the phytoremediation of Ni. 
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TABLE 2 
Level of irrigation and ET values of the Tagetes plants according to the IR level and Ni doses. 

 
 Irrigation Amount, gram/pot Evapotranspiration, gram/pot 

Irrigation Nickel Doses Nickel Doses 
  Levels 200 100 50 0 200 100 50 0 
         
IR 40 1826.5 2120.0 2439.0 2520.3 2054.8 2298.0 2695.2 2781.9 
IR 60 2335.6 2634.6 3096.1 3155.9 2454.9 2627.7 3069.1 3120.1 
IR 80 2604.7 3220.8 3760.9 3686.5 2682.0 2923.7 3441.3 3642.1 
IR 100 3058.7 3764.0 4271.3 4380.0 2623.3 3589.0 3956.7 4113.7 

  
 

TABLE 3 
The effect of Ni doses and irrigation levels on parameters relating to growth. 

 

Treatments 
 

Shoot  
FW 
(g/shoot) 

Shoot  
DW 
(g/shoott) 

Chlorophyll 
Old 
Leaves 

Chlorophyll 
Young 
Leaves 

Leaf  
Area  
(cm2) 

Root Dry 
Weight  
(g/root) 

 
Ni   0 mg/kg 79.3 a 8.87 a 59.8 n.s 48.5 b 1342.4 a 1.455 n.s 
 
Ni  50 mg/kg 70.2 b 7.76 b 60.8 n.s 55.4 a 1497.4 a 1.603 n.s 
 
Ni  100 mg/kg 71.1 b 7.77 b 57.3 n.s 50.6 b 1366.6 a 1.384 n.s 
 
Ni  200 mg/kg 51.2 c 5.91c 54.5 n.s 51.6 ab 1031.4 b 0.856 n.s 
 
Irrigation Level (IR) %40 46.5 D 5.72 D 56.7 n.s 47.0 B    872.5 D 1.028 C 
 
Irrigation Level (IR) %60 63.5 C 7.30 C 57.2 n.s 49.6 B 1205.6 C 1.145 BC 
 
Irrigation Level (IR) %80 73.5 B 7.96 B 61.7 n.s 54.5 A 1432.4 B 1.305 B 
 
Irrigation Level(IR) %100 88.1 A 9.34 A 56.9 n.s 55.0 A 1727.3 A 1.820 A 

Different letters indicate significant (0.05) difference between the means. n.s: no significant 
 
 
Table 4 shows the multivariate analysis of the 

macro-element content of plant organs above the 
surface. This table indicates that Ni had a very 
significant effect on the concentrations of the 
macro-elements phosphorus and potassium. The 
level of irrigation did not have a significant effect 
on the concentration of any of the macro-elements. 
The interaction of Ni doses and irrigation levels had 
a significant effect on the macro-elements N and 
Ca. The effect of Ni doses and irrigation levels of 
the macro-element and Na concentration of the 
plants’ green parts is shown in Table 4. Increasing 
Ni concentrations was associated with a decrease in 
N concentration in the green parts. On the other 
hand, the N concentration varied only with a narrow 
range of 2.39% and 2.44% depending on the level 
of irrigation. Increasing doses of Ni were associated 
with a decrease in phosphorus concentration. Based 

on the LSD test, three different groups were 
identified; the first group comprised the 0 and 50 
mg/kg Ni applications; the second group comprised 
the 100 mg/kg Ni application; and the third group 
comprised the 200 mg/kg Ni application. No 
changes were observed in phosphorus levels due to 
the level of irrigation. 

   The K content decreased significantly in 
high dose (200 mg/kg) Ni applications. Up to 100 
mg/kg Ni application, the K concentrations 
remained more or less the same. The concentration 
of K did not vary according to the irrigation level. 

   The Ca concentration of the plants was not 
significantly affected by irrigation or Ni doses. 
However, an increase in Ni doses and irrigation 
levels was nevertheless associated with a slight 
increase in Ca concentrations. 
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TABLE 4 
The mean N, P, K, Ca, Mg and Na concentrations in the Tagetes plants’ shoots according to different Ni 

doses and irrigation levels 
 

 
Stress Factors  

N P K Ca Mg Na 
% mg/kg 

Ni  0 mg/kg 2.52 n.s 0.244 a 2.928 a 1.088 n.s 0.379 n.s 90.9 n.s 
Ni 50 mg/kg 2.45 n.s 0.223 a 2.751 b 1.092 n.s 0.400 n.s 88.0 n.s 
Ni 100 mg/kg 2.45 n.s 0.195 b 2.833 b 1.144 n.s 0.374 n.s 114.6 n.s 
Ni 200 mg/kg 2.27 n.s 0.165 c 2.458 c 1.152 n.s 0.374 n.s 77.5 n.s 
IR   %40 2.39 n.s 0.200 n.s 2.666 n.s 1.098 n.s 0.371 n.s   84.5 n.s 
IR   %60 2.43 n.s 0.199 n.s 2.717 n.s 1.088 n.s 0.384 n.s 112.5 n.s 
IR   %80 2.44 n.s 0.215 n.s 2.757 n.s 1.175 n.s 0.392 n.s 87.6 n.s 
IR   %100 2.44 n.s 0.213 n.s 2.830 n.s 1.115 n.s 0.380 n.s 86.4 n.s 

Different letters indicate significant (0.05) difference between the means. n.s: no significant 
 
 

The Mg concentration of the plants increased 
only at a Ni dose of 50 mg/kg; other Ni doses were 
not associated with any noticeable changes in Mg 
concentrations. On the other hand, the level of 
irrigation had no effect on Mg concentrations.The 
Na concentration of the plants increased only at a 
Ni dose of 100 mg/kg; other Ni doses were not 
associated with any noticeable changes in Na 
concentrations. Similarly, Na concentrations 
increased only at an irrigation level of 60%. This 
behavior might have stemmed from a combination 
of water consumption, biomass production, and 
dilution effects, rather than differences in Na 
uptake.Table 5 shows that the Ni doses had a 
significant effect on the plants’ Ni, Fe, Cu and Zn 
concentration. On the other hand, the level of 
irrigation did not have a significant effect on the 
concentrations of elements other than Mn. The 
interaction of Ni doses and irrigation levels had a 
significant effect on Fe, Zn and root Ni 
concentration, but no significant effects on other 
parameters of this group.The effect of Ni doses and 
irrigation levels on the concentrations of Fe, Cu, 
Mn, Zn, Ni, the content of Ni by shoots, and the Ni 
concentration at the roots is shown in Table 5. Ni 
applications generally had the effect of reducing the 
Fe concentration of the shoots. While the Fe 
concentration was 316.8 mg/kg in the control 
groups, the Fe concentration of the groups applied 
with 100 and 200 mg/kg Ni decreased to 69.3 and 
90.1 mg/kg, respectively. As a result of this 
variability, two groups were identified based on the 
LSD test. The first group comprised the controls Ni 
applications, while the other groups comprised the 
other high dose Ni applications (50, 100 and 200 
mg/kg). Water stress resulted in behavior similar to 
heavy metal stress. The irrigation level of 100%, 
which involved the lowest level of water stress for 
the plants, was associated with the high Fe 
concentration, while increasing water stress led to a 

decrease in the Fe concentration. This behavior is in 
agreement with the expected decrease in redox 
potential due to the decrease in the amount of 
irrigation [32, 33].  

   The Cu concentration of shoots was 
significantly affected by the Ni applications, with 
Cu concentrations showing a considerable decrease 
with increasing Ni doses (Table 5). This behavior 
can be explained by the similarity of the two 
elements uptake mechanisms in plants [34, 35]. The 
decrease in the level of irrigation was associated 
with a decrease in the Cu concentration within the 
plant. However, the level of irrigation had no effect 
on Cu concentration.The level of Ni and irrigation 
did not have a significant effect on the Mn 
concentration of the shoots (Table 5). On the other 
hand, an increase in Ni concentration was 
associated with an increase in Zn concentration. 
The highest Zn concentrations were obtained during 
the 100 and 200 mg/kg Ni applications. According 
to the LSD test, 100 and 200 mg/kg Ni-applied 
plants for one group while the control and 50 mg/kg 
Ni-applied treatments formed another group. Water 
stress similarly led to an increase in Zn 
concentrations, with the Zn concentrations varying 
between 5.3 and 11.3 mg/kg depending on the level 
of water stress. According to the LSD test, the level 
of irrigation led to the formation of two groups: a 
group with high Zn concentrations, comprising 
IR40 and IR60 treatment and a group with lower Zn 
concentrations, comprising IR100 and IR80. Ni 
concentrations within the Tagetes plant increased in 
parallel to the Ni applications. However, according 
to the LSD test, all plants applied with Ni were 
within the same group. This indicates that the 
Tagetes plants were not able to effectively remove 
Ni from the soil at concentrations above 50 mg/kg. 
The Ni concentration decreased with a decrease in 
irrigation level. However, according to the LSD 
test, all Ni doses were within the same group. 
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TABLE 5 
The mean Fe, Cu, Mn, Zn, and Ni concentrations and Ni content of shoots and the Ni concentration at the 

roots for Tagetes plants at different Ni doses and irrigation levels 
 

 
Stress  Factors 

Fe Cu Mn Zn Ni Ni 
Removed  

Ni  
Root 

mg/kg µg/ shoot mg/kg 
Ni  0 mg/kg 316.8 a 9.37 a 143 n.s 2.4 c 16.8 b 167 b 28.5 d 
Ni 50 mg/kg 156.9 b 7.07 ab 141 n.s 6.2 b 91.6 a 682 a 95.0 c 
Ni 100 mg/kg 69.3 b 5.70 bc 147 n.s 13.7 a 81.5 a 626 a 253.2 b 
Ni 200 mg/kg 90.1 b 3.99 c 147 n.s 11.1 a 91.7 a 539 a 453.1 a 
IR   %40 77.8 B 6.02 N.S 136 N.S 11.3 A 59.6 N.S 335 C 220.3 B 
IR   %60 71.8 B 5.65 N.S 148 N.S 10.6 A 61.7 N.S 435 BC 157.9 BC 
IR   %80 165.9 AB 5.78 N.S 148 N.S  5.3 B 81.1 N.S 558 AB 315.6 A 
IR   %100 318.1 A 8.67 N.S 146 N.S  6.2 B 79.2 N.S 687 A 135.9 C 

Different letters indicate significant (0.05) difference between the means. n.s: no significant 
 
 
   The Tagetes plant was able to remove the 

highest level of Ni from the soil (682 µg/ shoot) 
during a 50 mg/kg Ni application; higher doses of 
Ni resulted in a slight, non-significant decrease in 
the level of Ni removed from the soil. With regards 
to the level of water, the highest level of Ni was 
removed from the soil at an irrigation level of 
100%. Although the 80% irrigation was within the 
same group as 100% irrigation in terms of Ni 
removed, the level of Ni removed at 80% irrigation 
was comparatively lower at 558 µg/ shoot. With 
increasing water stress, the level of Ni content 
decreased to 335 µg/ shoot. According to the LSD 
test, all plants exposed to water stress constituted a 
single group.  

   Root Ni concentration increased with the 
dose of applied Ni and each Ni dose constituted a 
different group according to the LSD test (Table 5). 
Although the increase in irrigation level was not 
associated with a specific and discernable trend, 
each irrigation level formed a different group 
according to the LSD test.  

   The analysis of variance concerning the 
biochemical responses of the Tagetes plant to Ni 
concentration and various levels of water deficit is 

shown in Table 6. It was determined that the 
application of a heavy metal (i.e. Ni) did not result 
in a significant difference in the plants’ SOD and 
proline levels. 

   According to the LSD test, the -SH 
concentrations were similar in 100%, 80%, 60% 
and 40% irrigation levels (Table 6). Proline 
concentration was the highest at 60% irrigation 
level. 

   Table 6 provides the LSD comparisons and 
the mean values concerning the effect of Ni 
applications on the biochemical parameters SOD 
activity and proline activity. As shown on this table, 
the SOD activity of the control plants (i.e. applied 
with 0 mg/kg Ni) was higher than that of a volume 
of enzyme extract necessary for reducing NBT 
concentration to 50% within a confidence interval 
of 95% (P<0.05). No statistically significant 
difference between the different Ni applications in 
terms of SOD activity, with all levels of Ni 
application being assigned to the same group. This 
indicated that the plants produced more SOD to 
counter the damage caused in the plants by heavy 
metal stress. 
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TABLE 6 
The effect of Ni doses and irrigation levels on the biochemical parameters of the Tagetes plant 

 
 
Stress Factors 

-SH 
µg/g FW 

SOD  
(µL/g FW) 

Proline  
(µmol/gFW) 

Ni    0 mg/kg 1111.9 b 202.6 n.s 13.28 n.s 
Ni 50 mg/kg 1105.6 b 152.2 n.s 19.07 n.s 
Ni 100 mg/kg 1060.1 b 146.7 n.s 23.05 n.s 
Ni 200 mg/kg 1360.4 a 144.8 n.s 23.22 n.s 
IR   %40     1209.4 N.S 195.0 N.S  22.10 B 
IR   %60   1305.5 N.S 233.7 N.S  22.23 BA 
IR   %80     1103.5 N.S 186.0 N.S  23.33 A 
IR %100  1019.6 N.S 188.4 N.S  10.96 C 

Different letters indicate significant (0.05) difference between the means. n.s: no significant 
 
 
The proline concentration in Tagetes plant 

leaves increased with to the increase in the applied 
dose of Ni, with the proline concentration varying 
between a range of 13.28 µmol/g FW and 23.22. 
However, the Nickel concentration had no 
significant effect on proline concentration. 
Although, the proline concentration continued to 
increase slightly with increasing Ni concentration 
(Table 6). Thus, increasing Ni doses were generally 
associated with an increase in proline 
concentrations. On the other hand, considering the 
proline activity is a parameter that generally 
increases under conditions of water and salt stress, 
the increase in proline activity as a result of Ni 
application suggests that the Ni ion might play an 
important role in the water balance of plants.  

   Water stress had a significant effect on the 
proline levels of the plants, with higher water 
deficit being associated with a higher proline 
concentration in Tagetes leaves (Table 6). Proline 
concentration was the lowest at IR100, which 
involved full irrigation and no water stress; 
according to the LSD test, IR100 formed another 
group by itself. Irrigation levels involving 
increasingly higher water deficits led to higher 
proline concentrations. 

 
 
CONCLUSIONS 

  
It is believed that higher Ni doses induce 

heavy metal stress in plants that reduce water 
consumption. Applications of different irrigation 
(or water deficit) levels significantly affected the 
leaf area, the chlorophyll level of the young leaves, 
FW and DW, the root dry weights, and Ni content. 
In general, increasing Ni doses led to higher proline 
concentrations. Considering that proline activity is 
a parameter that increases under water and salt 
stress conditions, the parallel increase in Ni doses 
and proline activity suggests that the Ni ion might 

play an important role in the water balance of 
plants. 

   The Tagetes plant was able to remove the 
most Ni from the soil (682 µg/shoot) at an applied 
Ni dose of 50 mg/kg. Higher Ni doses led to a slight 
and non-significant decrease in Ni removal. With 
respect to the level of irrigation, the highest amount 
of Ni content (µg/shoot) took place at 100% 
irrigation. According to the LSD test, the irrigation 
level of 80% belonged to the same group as 100% 
irrigation in terms of Ni removal; however, the 
level of Ni removal with 80% was slightly lower at 
558 µg/ shoot. With increasing water stress, the 
level of Ni removal by the plants decreased to 335 
µg/ shoot. 

   Water is one of the most important inputs of 
plant growth, with increasing amount of water 
leading to higher plant biomass. Higher plant 
biomass also has the effect of decreasing 
concentration (or “diluting”) the elements within 
the plants. When there is insufficient water, or 
when plants use less water, a significant decrease 
will also be observed under normal circumstances 
in the amount of nutrient elements collected by 
plants from the soil. However, in case a plant 
cannot produce sufficient biomass, no reduction or 
dilution will be observed in the concentration of 
such elements, with even a small amount of nutrient 
element uptake causing noticeable increases in the 
concentrations within the plant. 
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ABSTRACT 

  
 Limited numbers of studies have been 

performed to date on the removal of heavy metals 
from the soil through phytoextraction. The number 
of plants species used in such studies is also 
restricted. One of the plants used for 
phytoremediation is the Brassica. 

   Four different doses of lead (0, 500, 1000, 
and 2000 mg Pb /kg) were applied under four 
different levels of irrigation (IR40, IR60, IR80, and 
IR100) to the plant Brassica napus L, which is used 
in the remediation of soil polluted with certain 
heavy metals. Therefore, the ability of Brassica 
napus L to remove lead (Pb) from the soil at 
different irrigation levels and Pb concentrations was 
investigated. 

   The result of current study indicated that the 
highest water requirement was generally observed 
at higher Pb doses, namely at 1000 and 2000 mg 
Pb/kg. Similarly, the minimum water requirement 
was generally observed when the Pb dose was 
lower. Under experimental conditions, it was 
determined that irrigation water requirement and 
water consumption for the Brassica was not 
significantly affected by doses of Pb. No significant 
differences were observed between the level of 
irrigation and the amount of Pb removed from the 
soil by the plant. 

 
KEY WORDS:  
Lead, Brassica, phytoremediation, deficit irrigation. 
 
 

INTRODUCTION 
  

Soils, which represent one of the most 
important and indispensable natural resources for 
the continuity of life, is polluted by various 
quantities of heavy metals as a result of human 
activities. Due to their high toxicity and the 
difficulty of their elimination/removal from natural 
environments, heavy metals pose a growing risk for 
both the environment and human health [1]. For 

this reason, to ensure the well-being of ecosystems 
and humans, it is both necessary and important to 
use various methods to remedy heavy metal 
pollution, especially for heavy metals that have 
reached hazardous levels. The heavy metal, lead 
(Pb), is an element found in the earth’s crust at an 
average concentration of 15 mg/kg. Lead is a highly 
toxic metal that can accumulate over time in natural 
environments and living organisms. Over the past 
centuries, human activity has had a significant 
effect on the biogeochemical cycle of Pb [2]. Lead 
pollution is caused largely by the direct release of 
Pb into the atmosphere as a result of industrial and 
transportation-related activities.   The removal of 
heavy metals from polluted soils is a very difficult 
and high cost activity. Among the different methods 
currently used around the world, the most 
environmentally friendly and low-cost approach is 
the use of plants for removing heavy metals from 
soils. There is, in fact, a clear need for an effective 
and applicable technological solution for 
eliminating heavy metal pollution in soils. 
Nowadays, various physical, chemical, and 
biological methods can be used for the reclamation 
of polluted soils. Phytoremediation, which is a 
biological reclamation method, is the most suitable 
and low-cost among the different methods and 
novel approaches that are available. 
Phytoremediation is defined as the use of plants to 
clean up contaminants from polluted soils.  

  Like water, soil is also a resource whose 
availability has decreased in recent years. Climate 
change has led to growing problems concerning the 
management of water resources. Many studies 
emphasize that water-related problems will become 
especially prominent in the near future [3, 4]. For 
these reasons, it is necessary to implement new 
strategies that will help decrease the level of water 
used in agricultural activities. One example of such 
strategies is deficit irrigation associated with many 
advantages such as significantly reducing the 
amount of water consumed while having little 
effect on the quantity and quality of harvests; 
improving productivity per unit water, as well as 
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profitability in agricultural activities; and improved 
environmental protection [5, 6]. As the availability 
of water resources gradually diminishes, it is very 
likely that deficit irrigation will be implemented on 
a larger scale, especially in regions where water 
resources are scarce [7]. 

 The Brassica napus plant, which has been 
cultivated for over 4000 years, is an important oil 
crop in many regions around the world [8]. 
Brassica is also one of plant that has been used for 
biologically removing heavy metals such as 
cadmium (Cd), chromium (Cr), copper (Cu), and 
lead (Pb) from soils [9-14]. 

In this study, four different doses of Pb (0, 
500, 1000, and 2000 mg Pb/kg) were applied under 
four different levels of irrigation (IR40, IR60, IR80, 
and IR100) to the Brassica napus L, which is used 
in the remediation of soil polluted with certain 
heavy metals.  

 
 

MATERIAL AND METHODS 
 

In the current study, Paşaköy variety of soil, 
which is a common type of soil found in the Amik 
Plain of Turkey’s Eastern Mediterranean Region 
was used. The organic matter of the soil was 2.55 % 
[15], while its potassium (K), phosphorus (P), and 
lime contents were 77.28% [16], 19.14% [17], and 
5.06% [18], respectively. The pH value of this soil 
was 7.56 [16], while its salt content and EC value 
were 0.216% and 4.35 dS/m [19], respectively. The 
soil had a clayey texture) [20], and a field capacity 
value of 43% [21]. DTPA-extractable Pb.mg/kg 
[22]. 

   The plant seeds were germinated in a peat 
and perlite mix (1:1 ratio) [23] under a 16/8 hour 
light/dark cycle, at a relative humidity of 60-70%, 
and temperature of 22-25oC. The plants were 
transferred to pots after they developed two to three 
leaves and an adequate root system. Fertilizers were 
provided only once to the plants at the beginning of 
the study was based triplicate according to a 
factorial experiment design in randomized parcels. 
The experiment was performed in a climate 
chamber with light, temperature, and humidity 
control. Different levels of irrigation were applied 
during the experiment. These irrigation levels were 
40% of full irrigation (IR40; 60% deficit) 60% of 
full irrigation (IR60; 40% deficit) 80% of full 
irrigation (IR80; 20% deficit) and full irrigation 
(IR100). 

   A Pb solution prepared by using Pb(NO3)2 
was applied to the potting soils before planting, to 
provide that the soils would have final Pb 
concentrations of 0, 500, 1000, and 2000 mg Pb 
/kg. The pots soils were then incubated under 

controlled conditions for three weeks at 80% field 
capacity. Immediately before planting, 200 mg/kg 
of N (from (NH4)2SO4), 100 mg/kg of P, 125 mg/kg 
of K (from KH2PO4), and 2.5 mg/kg of Fe (from 
Fe-EDTA) was added to the soil. The experiment 
was performed using the Brassica napus L plant. 
Brassica napus L. (B. napus) is widely used and 
protein rich staple food that is also used as a source 
of vegetable oil. The cultivation of B. napus has 
considerably increased over the past ten years [24]. 

   The experiment’s irrigation program was 
initiated after the plants had a vegetation cover of 
20%. All pots (IR40, IR60, IR80, and IR100) were 
weighed prior to irrigation. For each pot, the 
amount of water necessary for IR100 irrigation was 
calculated based on the difference between their 
weight at field capacity and their current weight. 
Irrigation at IR80, IR60, and IR40 was performed by 
applying 80%, 60%, and 40% of water calculated 
for IR100 respectively. Irrigation was performed 
every three days. This irrigation program was 
continued until the time of harvest. 

   After being transferred to pots, plants were 
grown until they reached their highest biomass (for 
approximately six weeks). Certain morphological 
and phonological observations were also made 
during the experiment. The leaves area was 
measured at the time of harvest, and the fresh (FW) 
and dry weights (DW) of the shoots (plants above 
ground biomass) were determined. The chlorophyll 
content of the leaves was measured using the 
Konica-Minolta SPAD-502 device according to 
[25] method. 

   The physiological changes of the plants, as 
well as the levels of sulfhydryl group/reduced 
glutathione (–SH), superoxide dismutase (SOD), 
and proline, which are enzymes/chemicals that 
eliminate reactive oxygen species were also 
evaluated. To assay the enzymes/chemicals in 
question, fresh leaf samples were collected from 
shoot, weighed, and then subjected to chemical 
content analysis.  

   The cadmium (Cd), lead (Pb), nickel (Ni), 
zinc (Zn), copper (Cu), iron (Fe), manganese (Mn), 
calcium (Ca), and magnesium (Mg) concentrations 
of the shoots were determined by Inductively 
Coupled Plasma-Atomic Emission Spectrometry 
(ICP-AES; Varian Series-II). Potassium (K) and 
sodium (Na) concentrations were measured with a 
flame photometer using the wet decomposition 
method [26]. The analysis of -SH (reduced 
glutathione) and (SOD) superoxide dismutase 
activity in the plant samples was performed 
according to [27]. Proline concentration was 
determined according to [28]. Nitrogen (N) analysis 
of the plant samples was performed according to 
the Kjheldal method, while the ICP-AES device 
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was used for the phosphor (P) analysis of the plant 
samples [29]. 

   Analysis of variance for data was performed 
using the SPSS-17 statistical analysis program, and 
according to the factorial experiment design in 
random parcels. Comparisons between means were 
performed using the LSD test [30]. 

RESULTS AND DISCUSSION 
  

The effect of different lead doses and 
irrigation levels on the water requirement and water 
consumption of the Brassica napus L is shown in 
Figure 1. 

 
 

 
 

FIGURE 1 
Water requirement of the Brassica napus L. at different irrigation levels and Pb doses. 

 
 
   The plants’ water requirements (i.e. the 

amount of irrigation water used) decreased 
gradually from IR100 to IR40. On the other hand, 
with the exception of plants that received Pb at a 
dose of 500 mg/kg, the application of Pb had the 
effect of slightly increasing the amount of water 
used in comparison to plants that were not 
administered with Pb. However, these differences 
were negligible. At all irrigation levels, the effect of 
the different Pb doses on the plants’ water 
requirement was very similar. The results indicate 
that the highest water requirement was generally 
observed at the highest Pb doses of 1000 and 2000 

mg/kg. On the other hand, the minimum water 
requirement was generally observed at the lowest 
Pb doses. The relationship between Pb doses and 
plant water consumption was similar to the 
relationship between Pb doses and water 
requirement (Figure 2). However, plants under no 
water stress (IR100) and the highest level of water 
stress (IR40) showed higher levels of water 
consumption than the other plants. Based on these 
results, it is possible to state that the water 
requirement and water consumption of the Brassica 
was not significantly affected by the dose Pb. 
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FIGURE 2 
Water consumption of the Brassica napus L. at different irrigation levels and Pb doses. 

   Table 1 shows the variance analysis 
concerning the effect of different Pb doses and 
irrigation levels on the Brassica plant’s different 
growth parameters their shoot and root biomass, 
chlorophyll, and leaf area. Lead had a significant 
effect on all of the plant growth parameters. The 
level of irrigation affected all growth parameters, 
except for the chlorophyll content of the plants’ 
older leaves. In addition, the interaction of Pb doses 
and irrigation levels had no significant effect on any 
of these parameters.  

   An evaluation of the effect of irrigation 
levels and Pb doses on the growth performance 
parameters indicated the existence of different 
groups with respect to FW and DW. The FW of the 
plant varied between 46.8 and 78.3 g/shoot 
depending on the level of irrigation, while the FW 
of Pb-applied plants varied between a narrower 
range of 57.7 and 65.0 g/shoot. This indicated that 
between these two stress factors, the level of 
irrigation had a more limiting effect on plant 
growth.

TABLE 1 
Multivariate analysis of the growth performance of Brassica plants under different Pb and irrigation 

levels. 

Variation Source Variable    D.F. Mean Squares  F 

Heavy Metal 
Doses (HMD) 

Shoot FWs 3    202.710       8.710** 
Shoot DWs 3 4.359 8.143** 
Root DWs 3 0.187 10.260** 
Chlorophyll old leaves  3 48.206 10.477** 
Chlorophyll young leaves 3 32.132 4.693** 
Leaves Area  (LA) 3 149727.515 8.824** 

Irrigation 
   Level 
   (IR) 

Shoot FWs 3 2143.059 92.084** 
Shoot DWs 3 32.952 61.552** 
Root DWs 3 0.134 7.315** 
Chlorophyll old leaves  3 7.937   1.725 
Chlorophyll young leaves 3 61.129 8.929** 
Leaves Area  (LA) 3 379063.552 22.340** 

Interreaction 
(HMDxIR) 

Shoot FWs 9 22.769 0.978 
Shoot DWs 9 0.548 1.023 
Root DWs 9 0.034 1.871 
Chlorophyll old leaves  9 8.599 1.869 
Chlorophyll young leaves 9 7.383 1.078 
Leaves Area  (LA) 9 16770.381 0.988 
*Significance level of P=0.05, **Significance level of P<0.01.
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The highest level of chlorophyll in the old leaves 

was observed at the 1000 mg/kg Pb application, which 
was also associated with the highest level of biomass. In 
terms of the highest levels of chlorophyll in the old 
leaves, the 1000 mg/kg Pb dose was followed by 2000 
mg/kg Pb dose, the control group, and the 500 mg/kg Pb 
dose. In other words, the chlorophyll content of the older 
leaves did not vary or change in a single direction 
depending on the Pb dose. The plants’ younger leaves, on 
the other hand, displayed a different behavior, with 
higher Pb concentrations being associated with higher 
chlorophyll levels. It was observed that only the 60% 
irrigation level was associated with lower chlorophyll 
content in the older leaves compared to the other 
irrigation levels; according to the LSD test, irrigation 
levels had not significant effect. In the younger leaves, on 
the other hand, an increase in irrigation level was 
associated with an increase in chlorophyll content (Table 
2). This indicates that the level of water stress affected 
the accumulation of nutrient elements and/or metabolites 
in younger leaves. The leaf area, the FW,the DW and root 
DW exhibited parallel behaviors. The largest leaf area 
was observed in the control plants (1278.3 cm2/ plant); 
which was followed by the 100 mg/kg Pb dose, the 500 

mg/kg Pb dose, and the 2000 mg/kg Pb dose. While the 
leaf area of the Brassica plants varied between 1019.9 
and 1278.3 cm2 depending on the Pb dose, the leaf area 
varied over a greater range between 945.7 and 1374.9 
cm2 depending on the level of irrigation. In addition, 
according to the LSD test, the 80% and 60% irrigation 
levels formed a single group with respect to leaf area; 
while other irrigation levels (100% and 40%) each 
formed a separate group. 

The application of Pb had the effect of enhancing 
root weight, and increasing Pb doses gradually increased 
the root biomass (DWs) from 0.611 g/root to 0.894 g/root 
(Table 2). Increasing irrigation levels similarly increased 
the amount of root biomass produced.  

According to the LSD test, the lower irrigation 
levels of 40% and 60% formed a single group with 
respect to root biomass, while the higher irrigation levels 
(80% and 100%) formed a single separate group. This 
indicates that an irrigation level of 80% can be used to 
achieve maximum root development in phytoremediation 
studies. 

 

 
 

TABLE 2 
The effect of Pb doses and irrigation levels on the growth performance parameters of the Brassica plant 

 
Stress 
Factors 
 

Shoot  
FWs 

(g/shoot) 

 Shoot  
DWs     

(g/shoot) 

Chlorophyll 
old 

leaves 

Chlorophyll 
young   
leaves 

Leaf  
Area         
(cm2) 

 Root  
DWs 

( g/root) 
Pb        0 mg/kg  65.0 ab   8.2 a   33.1 bc 46.3 b 1278.3 a 0.611 c 
Pb    500 mg/kg 62.8 b   8.5 a 31.8 c 46.4 b 1139.5 b 0.656 bc 
Pb  1000 mg/kg 67.2 a   8.7 a 36.5 a 49.5 a   1218.9 ab 0.746 b 
Pb  2000 mg/kg 57.7 c   7.3 b 33.9 b 48.7a 1019.9 c 0.894 a 
IR    %40 46.8 D   6.1 D 34.3 N.S 50.0 A    945.7 C 0.608 B 
IR    %60 59.4 C   7.8 C 32.6 N.S 48.4 AB 1132.1 B 0.669 B 
IR   %80 68.2 B   8.7 B 34.1 N.S 47.9 B 1203.9 B 0.797 A 
IR  %100 78.3 A 10.1 A 34.3 N.S 44.6 C 1374.9 A 0.833 A 
Different letters (upper case letters used for irrigation levels and lower case letters used for heavy metal 
applications) indicate that the difference between the relevant items is greater than the 5% significance 

level. n.s: no significant 
 
 
The P, K, and Mg concentrations within the 

shoots were not significantly affected by these two 
stress factors, with their behavior showing very 
minor changes according to the degree/level of the 
stress factors. 

Table 3 provides the results of the multivariate 
analysis regarding the effect of different Pb doses 
and irrigation levels on the microelement 
concentration in shoots; the total amount of Pb 
content by the shoot; and the concentration of Pb in 
the roots. Different Pb doses only affected the Pb 
concentrations in the plant tissues and the Pb 
content, while having no significant effect on the 

concentrations of other microelements. The level of 
irrigation also had no significant effect on any of 
the microelements. The interaction of the Pb doses 
and irrigation levels had a significant effect on the 
Pb concentration and the Pb content. 

An evaluation of the effect of heavy metal and 
water stress on the concentration of microelements 
in the shoots revealed that these sources of stress 
did not have a significant effect on the levels of Fe, 
Cu, Mn, and Zn (Table 4). Only the Pb in the shoots 
increased with increasing Pb doses. According to 
the LSD test, the average values determined for 
each Pb dose application formed a separate group. 
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However, despite the high concentrations of Pb 
applied to the plants, the concentration of Pb in the 

plant tissues still remained at trace levels compared 
to the other elements. 

 
 

TABLE 3 
Multivariate analysis of the effect of different Pb doses and irrigation levels on the microelement 

concentrations in plant parts above the surface; the total amount of Pb removed from the soil by the plant 
parts above the surface; and the concentration of Pb in the roots of the Brassica plant. 

 

Variation Source Variable    D.F.  Mean Squares F 

 Fe 3 87010.23 1.060 
 Heavy Cu 3 2.693851 0.292 
 Metal Mn 3 2386.777 0.500 
 Doses Zn 3 43.98961 0.298 
 (HMD) Pb 3 39.75293 41.875** 
  Pb removed 3 2265.74 26.226** 
 Fe 3 93070.17 1.134 
 Irrigation Cu 3 7.878506 0.855 
 Level Mn 3 6258.819 1.312 
 (IR) Zn 3 187.2435 1.269 
  Pb 3 2.57329 2.711 
  Pb removed 3 204.5663 2.368 
 Fe 9 82662.32 1.007 
Interreaction Cu 9 2.750805 0.299 
 (HMDxIR) Mn 9 4359.429 0.914 
  Zn 9 170.616 1.157 
  Pb 9 3.04415 3.207** 
  Pb removed 9 206.4705 2.390* 

*Significance level of P=0.05, **Significance level of P<0.01 
 

 
TABLE 4 

The mean Fe, Cu, Mn, Zn, and Pb concentrations and the Pb content by the Brassica plant. 
 

Stress  
Factors 

Fe Cu Mn Zn Pb  
Consentration 

Pb      
Content 

  mg/kg   µg/shoot 

Pb   0 mg/kg 104.5 n.s 11.9 n.s 114.3 n.s 10.12 n.s 0.27 d 2.11 c 
Pb 10 mg/kg 262.4 n.s 12.3 n.s 140.6 n.s   7.66 n.s 2.60 c 20.8 b 
Pb 20 mg/kg   84.2 n.s 13.0 n.s 109.5 n.s 10.18 n.s 3.31 b 29.0 a 
Pb 40 mg/kg   90.1 n.s 12.1 n.s 114.4 n.s   6.30 n.s 4.62 a 33.1 a 
IR   %40 100.1 N.S 11.9 N.S 108.8 N.S   4.09 N.S 3.13 N.S 19.0 N.S 
IR   %60 266.0 N.S 13.5 N.S 153.4 N.S 11.09 N.S 2.91 N.S 22.1 N.S 
IR   %80   73.4 N.S 12.2 N.S 103.4 N.S 12.59 N.S 2.05 N.S 17.3 N.S 
IR   %100 101.8 N.S 11.8 N.S 113.2 N.S   6.50 N.S 2.72 N.S 26.7 N.S 

Different letters indicate that the difference between the relevant items is greater than the 5% significance 
level. n.s: not significant 

 
 
Although the Pb concentration varied in the 

range of 0.27 to 4.62 mg/kg, a significant difference 
was identified between the different Pb dose 
applications. An evaluation of the effect of the 

irrigation level indicated that the highest values 
were obtained at 40% and 60% irrigation. 

The amount of Pb content increased in parallel 
with the applied dose of Pb. According to the LSD 
test, each applied dose of Pb formed a different 



by PSP Volume 25 – No 1/ 2016, pages 200-209 Fresenius Environmental Bulletin    
 

206 
 

 

group with respect to the amount of Pb content 
(Table 4). The irrigation levels, on the other hand, 
had not significant effect according to the LSD test. 

The multivariate analysis regarding the 
Brassica plants’ biochemical response to different 
Pb doses and irrigation levels is shown in Table 5. 
The plants showed a significant reaction to higher 
levels of Pb and water stress by activating their 

SOD and -SH defense mechanisms. The 
interactions of these two stress factors had a 
significant effect on the SOD biochemical 
parameter. 

 
 

 
 

TABLE 5 
Multivariate analysis of the Brassica plants’ biochemical response to Pb and water stress 

 
Variation 
Source Variable    D.F.  Mean Squares F 

 
Heavy Metal  
Doses 
(HMD) 

-SH concentration 3 12641.983     5.575** 
SOD concentration 3 207.730   14.655** 
Prolin concentration 3 3227.266   1.984 

Irrigation  
Levels (IR) 

-SH concentration 3 23941.255   10.558** 
SOD concentration 3 1757.791 124.005** 
Prolin concentration 3 1237.367   0.761 

Interreaction 
(HMDxIR) 

-SH concentration 9 2367.159  1.044 
SOD concentration 9 128.031     9.032** 
Prolin concentration 9 2822.306  1.735 

*Significance level of P=0.05, **Significance level of P<0.01. 
 

 
The effect of the Pb doses and irrigation levels 

on the biochemical parameters is shown in Table 5. 
The -SH concentration gradually increased as the 
Pb level increased to 1000 mg/kg; however, further 
increased in Pb levels led to a decrease in -SH 
concentrations. At all applied doses of Pb, the level 
of -SH activity was higher compared to the 
controls. An evaluation of the effect of irrigation 
levels showed that increasing water stress increased 
the -SH concentration from 205.0 at 100% 
irrigation to 302.4 at 40% irrigation. According to 
the LSD test, irrigation levels of 60-80% and higher 
formed a single group, while irrigation at 40% 
formed a separate group. 

The highest SOD value observed at a Pb dose 
of 0 was 3.7 µL/g FW. The SOD activity at 500 
mg/kg Pb application was 13.2 µL/g FW, which is 
the lowest level of activity among Pb-applied plants 
(Table 6). According to the LSD test, three groups 
were identified with respect to the effect of Pb on 

SOD activity: the control, 500, 1000, 2000 mg/kg 
Pb doses. Many researchers have reported that 
different doses of Pb can either increase or decrease 
SOD activity depending on the plant. [31] 
Previously reported that SOD activity in Oriza 
sativa decreased with increasing Pb doses, while 
[32, 33], respectively, reported that increasing Pb 
doses increased SOD activity in Triticum aestivum 
and Potamogeton crispus. According to the LSD 
test, three groups were identified with respect to the 
effect of irrigation level on SOD activity: the 40% 
irrigation level had the lowest SOD activity (i.e. 
required the highest amount of plant extract to 
reduce NBT concentration by half), while 
increasing irrigation levels led to higher SOD 
activity. 

The multivariate analysis indicated that the 
effect of the two stress factors on proline levels was 
not significant.  
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TABLE 6 
The effect of different Pb doses and irrigation levels on the Brassica plants’ biochemical parameters. 

 
Stress Factors -SH 

(µg/g shoot FW) 
SOD  

(µL/g shoot FW) 
Prolin  

(µmol/gshoot FW) 
Pb      0 mg/kg 191.8 b   3.7 c 217.5 n.s 
Pb    500 mg/kg 256.0 a 13.2 a 186.0 n.s 
Pb  1000 mg/kg 264.5 a 11.0 a 187.1 n.s 
pb  2000 mg/kg 238.4 a   7.4 b 181.9 n.s 
Irrigation Level (IR)  %40 302.4 A 26.2 A 188.8 N.S 
Irrigation Level (IR)    %60 211.4 B   8.2 B 206.4 N.S 
Irrigation Level (IR)    %80 232.0 B   0.4 C 194.6 N.S 
Irrigation Level (IR)  %100 205.0 B   0.6 C 182.6 N.S 

Different letters (upper case letters used for irrigation levels and lower case letters used for heavy metal 
applications) indicate that the difference between the relevant items is greater than the 5% significance 

level.  
n.s: not significant 

 
 
CONCLUSION 

  
Brassica napus L. reacted to both heavy metal 

stress and water stress by decreasing its biomass 
levels and leaf surface area. 

 The application of heavy metal and water 
stress significantly affected not only the 
concentrations of heavy metals within the plants, 
but also the levels of the plant nutrients analysed. 
This was possibly due to mechanisms such as the 
reaction of heavy metals with the elements in the 
soil; the alteration of element uptake by the plants 
due to the heavy metal’s effects on plant root 
development and water consumption; the 
interaction of elements within the plant; and the 
dilution effect.  

   It was observed that the Brassica plants 
exhibited biochemical responses to heavy metal and 
water stress, and that one or several of the 
enzymes/substances -SH, SOD. 

   Independently of the level of irrigation, the 
level of Pb content by Brassica varied between 2.11 
and 33.1 µg/ shoot. The highest level of Pb was 
removed at an irrigation level of 100%. A study 
performed by [34] determined that Brassica has the 
highest level of Cu and Zn uptake (or removal) at 
higher soil moisture levels. Higher levels of heavy 
metal stress in Brassica plants (due to the 
application of high lead doses) was associated with 
an 11.5% biomass loss compared to the controls.  

The results of this study indicated that higher 
irrigation levels had a positive effect of the 
development of Brassica napus L. plants, which in 
turn increased the amounts of Pb they removed 
from the soil, and hence their effectiveness in soil 
phytoremediation. The results also suggested that 
growing plants at an irrigation level of 100% 
(IR100) offered the best advantages in terms of 
higher biomass and efficient Pb removal.  
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ABSTRACT 
 
In this study, low-cost activated coke (AC) was used 

as absorbents to remove polyvinyl alcohol (PVA) from 
wastewater and zeolite with similar surface area and pore 
volume was employed as check experiment to analyze the 
relevant mechanism. The adsorption kinetics were studied 
and the data well fitted the pseudo-second-order kinetics 
model to various initial PVA concentrations both AC and 
zeolite. The adsorption process was controlled by external 
mass transfer and Freundlich isotherm model fitted the 
equilibrium adsorption data better than Langmuir. Ad-
sorption effect of AC (8.63 mg/g) was far better than that 
of zeolite (1.42 mg/g) at 100 mg/L initial concentration. 
Thermodynamic parameters were also calculated indicat-
ing that the process was physical adsorption. The for-
mation of hydrogen bonding was the main factor of ad-
sorption mechanisms and FT-IR also proved the same 
conclusion. 
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INTRODUCTION 
 
Polyvinyl alcohol (PVA) is a water-soluble poly-

mer, which is prepared by the hydrolysis of polyvinyl 
acetate. PVA is widely used in the textile, pharmaceutical 
and paper coating industry for its good flexibility, high 
tensile strength, chemical stability, water-solubility and 
good film-forming capability [1]. PVA as a refractory 
organic whose ratio of BOD5 to COD is low to 0.1 is 
difficult to be biodegraded. Lots of discharged PVA are 
harmful to the environment and accumulate in the human 
body via the food chain. 

Many studies have been reported to remove PVA. 
Physical methods such as adsorption [2], electrocoagula-
tion [3] and membranes [4] are used to treat PVA 

wastewater. Chemical methods were focused on oxidation 
such as wet air oxidation [5], Fenton Oxidation [6], su-
percritical water gasification [1], electrochemical oxida-
tion [7], photo catalysis [8] and ionizing radiation [9]. 
Chemical methods convert PVA to CO2 and H2O as a 
pretreatment followed by bio-treatment. The biological 
methods [10] using activated sludge process aimed at 
degrading the organic pollutants by microorganism. 

Carbon-based materials possess large surface area 
[11, 12], extensive sources [13-15] and favorable affinity 
to organic contaminants [16]. Activated coke (AC) which 
is much cheaper also own those similar advantages. AC is 
produced from naturally carbonaceous materials like 
lignite, petroleum coke, wood and other biomasses [17], 
which often are treated as waste in industry. Appropriate 
use of AC is a reuse to industrial waste and environmental 
sustainable [18]. However, there are still no studies re-
ported on the adsorption treatment of PVA wastewater by 
AC or zeolite. Therefore, in the present study the mecha-
nisms of AC as an adsorbent for removal of PVA by 
batch experiments was analyzed. Zeolite was selected as a 
comparison to explain the adsorption mechanism. The 
relevant dynamics, isotherm and thermodynamics were 
also analyzed. The adsorption mechanism was also put 
forward and mutual authentication for the relevant data. 
The adsorption of removal PVA on AC has reference 
meaning for PVA treatment in the future research. 

 
 
MATERIALS AND METHODS 
 
Materials. The AC made by lignite was supplied by 

Datang Yima coke plant and Zeolites were taken from 
Hencheng Water purification materials plant. The selected 
AC and zeolite have similar surface area and pore volume 
(shown in Table 1).  
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TABLE 1 
Physical properties for the AC and Zeolite 

 Surface area (m2/g) Pore volume (cm3/g) 
Activated Coke 439.7 0.271 
Zeolite 3984. 0.238 

 
 
AC and zeolite were washed with distilled water 

and dried in the oven at 80 °C for 24h. The PVA was 
purchased from Tianjin Fuchen Chemical Plant. 

 
Batch equilibrium studies. Batch adsorption ex-

periments were carried out using 0.5g AC or zeolite as the 
adsorbent in a 100ml flask, containing 50ml PVA solu-
tion. The samples were shaken at 150rpm in a SHA-BA 
water bath. The adsorption isotherms were carried out at 
303K, 313K and 323K with different initial concentra-
tions (100-500mg/L). Samples were separated by filtra-
tion. The concentrations of PVA were determined at the 
wavelength of 640nm using an uv-vis spectrophotometer 
by reacting with appropriate amounts of I2-KI and boric 
acid solution. The amount of PVA adsorbed by adsorbent 
was calculated by:  �� = − � ��  

where qe (mg/g) is the amount of adsorption at equi-
librium; C0 (mg/L) and Ce (mg/L) are the initial and final 

or equilibrium concentrations in the solution; M (g) is 
mass of adsorbent and V (L) is volume of solution. 

Characterization. The Fourier transform infrared 
(FT-IR) spectra of AC and zeolites were acquired on a 
Perkin Elmer spectrum 100 (Waltha, MA, USA). The 
samples were prepared using the KBr pressed-disk meth-
od and the samples were scanned in the range of 450-
4000cm-1. BET surface area was measured using an 
ASAP 2010 Micrometrics instrument. 

 
 

RESULTS AND DISCUSSION 
 
Adsorption kinetics. The kinetics that describe the 

solute uptake rate governing the residence time of the 
adsorption reaction is one of the important characteristics 
defining the efficiency of sorption [19]. The relationship 
between contact time and absorbed PVA onto AC and 
zeolite at different initial was shown in Fig. 1. 

 

 
FIGURE 1 

Adsorption kinetics for PVA onto activated coke (C0=100mg/L,□; 75mg/L,○;50mg/L, Δ), and onto zeolite 
(C0=100mg/L,◇). The solid lines are the Pseudo-second-order model fits to the observed data. 

 
 
From the Fig. 1, it is observed that PVA uptake was 

fast in the first 10 min, thereafter the adsorption kinetics 
decreased progressively and finally the adsorption ap-
proached to the equilibrium in all the case. The fast ad-
sorption at the initial stage was probably because of the 

increased concentration gradient between the adsorbate in 
the solution and adsorbate in adsorbent where many va-
cant sites were available at the beginning. The progressive 
increase in the adsorption process and consequently the 
attainment of equilibrium adsorption may be due to lim-
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ited mass transfer of the adsorbate molecules from the 
bulk liquid to the external surface of AC. In the later 
stage, diffusion must break through the barrier of ad-
sorbed PVA and it was also slow for internal mass trans-
fer within AC particles. The adsorption capacities corre-
sponding to equilibrium adsorption increased from 4.16 to 
8.15mg/g with the increased initial PVA concentration 50 
to 100 mg/L. It was also shown that the zeolite had little 
adsorption effect and the amount of PVA adsorbed was 
0.6mg/g. According to adsorption equilibrium removal 
efficiency, it was 92.33% and 26.44% by AC and zeolite, 
respectively. 

The adsorption of PVA onto AC was evaluated by 
utilizing commonly used kinetic models including the 
Pseudo-first-order model and the Pseudo-second-order 
model [20]. The Pseudo-first-order model presents as the 
following form:   ���� = �� − �  

where qe (mg/g) and q (mg/g) refer to the amount of 
PVA adsorbed at equilibrium and at any time. k1 (min-1) is 
the equilibrium rate constant of pseudo-first-order sorp-
tion and t (min) is time. The pseudo-second-order model 
assumes that the rate-limiting step is chemical adsorption 
and predicts the behavior over the whole range of adsorp-
tion. Currently the pseudo-second-order model has been 
widely used for sorption systems due to its good represen-
tation of the experimental data for most of the adsorbent 
adsorbate systems. The model presents as the following 
form: ���� = �� − �  

where k2(g/mg∙min) is the equilibrium rate constant 
of pseudo-first-order sorption. The nature of the adsorp-
tion process will depend on physical or chemical charac-
teristics of the adsorbent system. The kinetic constants 
and the correlation coefficients (R2) were given in Table 
2. 

                                                                                      
 

TABLE 2 
Comparison of the first- and second-order adsorption rate constants and calculated and experimental qe values 

for different initial concentrations 
 

Initial 
concentration  

(mg/L) 

qe,exp 
(mg/g) 

Pseudo-first-order kinetics Pseudo-second-order kinetics 

k1(min-1) qe(mg/g) R2 k2(min-1) qe(mg/g) R2 

50 4.27 0.003 0.15 0.376 2.240 4.16 1.000 
75 6.28 0.018 1.17 0.977 0.084 6.36 1.000 

100 8.63 0.011 2.06 0.980 0.044 8.48 1.000 

500 26.25 0.006 12.51 0.977 0.0007 22.22 0.996 

 
 

The correlation coefficient (R2) for the pseudo-first-
order model (R2=0.980) was relatively lower than that of 
pseudo-second-order model (R2=1.000). The calculated 
equilibrium adsorption capacity (qe=8.63mg/g) had great 
difference from the experimental value (qe,exp=2.06mg/g). 
It indicated that the pseudo-first-order model cannot de-
scribe PVA absorbed onto AC exactly. The equilibrium 
PVA amount from the experimental date (qe=8.63 mg/g) 
was in accordance with the calculated values (qe,exp=8.48 
mg/g). 

Prediction of rate-determining step is important for 
the design purpose. Generally, for a solid liquid adsorp-
tion process, the solute transfer is usually characterized by 
either external mass transfer or intraparticle diffusion or 
both [21]. The overall rate of sorption will be controlled 

by the slowest step, which would be either film diffusion 
or pore diffusion. However, the controlling step might be 
distributed between intraparticle and external transport 
mechanisms. In order to predict the actual slow step in-
volved, the kinetic data were further analyzed using the 
Boyd kinetic expression. The Boyd kinetic expression is 
given by = 1 − 6�2 exp − �  and = ��� 

where F represents the fraction of solute adsorbed at 
any time, and Bt is a mathematical function of F.  

The calculated Bt values were plotted against t as 
shown in Fig. 2 and identified whether external transport 
or intraparticle transport control the rate of sorption. 
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FIGURE 2 

Plot of Bt versus t (Boyd plot) 
 
 
Fig.2 showed that the Boyd plot was linear and did 

not pass through the origin suggesting that the external 
mass transfer mainly governs the rate of the reaction.  

 
Adsorption isotherms. The adsorption isotherm 

indicates the functional relationship between the amount 
of solute adsorbed per unit weight of the adsorbent and 
the concentration of adsorbate in bulk solution at a given 
temperature under equilibrium conditions. It plays an 
important role in predictive modeling procedures for 
analysis and design of adsorption systems. Langmuir and 
Freundlich models have been developed and employed 
for such analysis [22]. Langmuir isotherm assumes mono-
layer adsorption onto a surface containing a set of well-
defined localized adsorption sites of the same adsorption 
energy with no transmigration between adsorbed mole-
cules. The theoretical Langmuir isotherm equation can be 
given by: 

�� = � �1 + � � 

where Q0 is a Langmuir adsorption constant reflecting 
the maximum adsorption capacity (mg/g), b is also a con-
stant. RL, the separation factor, is defined to estimate the 
adsorption condition. And the equation is given by: 

� = 11 + �  

Freundlich isotherm assumes the surface heteroge-
neity and encompassed exponential distribution of the 
active sites and their energies. The empirical Freundlich 
isotherm equation can be given by: �� = �� � �⁄  

where KF ((mg/g)(L/mg)1/n) and n (dimensionless) are 
the Freundlich constants which indicate the adsorption 
capacity and adsorption intensity respectively.  

The relevant results were showed in Fig. 3 and Table 
3. 
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FIGURE 3 

Equilibrium curves for adsorption of PVA onto AC at 30oC (□), 40oC (○), 50oC (Δ) and onto zeolite at 30oC (◇). 
The solid and dash lines are the Freundlich and Langmuir fits to the observed data  

(C0=100mg/L; AC, 0.5g; V, 100 ml). 
 

 
TABLE 3 

Isotherm constants for Langmuir and Freundlich isotherm 
 Langmuir Freundlich 

Q0(mg/g) b(L/mg) R2 KF((mg/g)(L/mg)1/n) n R2 

303K 26.18 0.053 0.972 3.64 2.52 0.995 
313K 21.83 0.066 0.929 3.82 2.86 0.994 
323K 18.38 0.085 0.912 4.38 3.55 0.992 

 
 

The calculated correlation coefficient (R2) for AC 
can be found that the Freundlich model in different tem-
perature (R2= 0.972, 0.929, 0.912) was more suitable than 
Langmuir model (R2= 0.995, 0.994, 0.992) and the state 
of fitting was also showed in Fig. 3 (solid or dashed 
lines). The fitted to Freundlich model indicated that AC 
has heterogeneous surface and exponential distribution of 
the active sites. The Freundlich constant n given an idea 
for favorability of the adsorption process. The calculated 
n were 2.52, 2.86, 3.55 at 303K, 313K and 323K, respec-
tively, which indicating that a favorable adsorption pro-
cess.  

Experimental data of PVA adsorption on zeolite at 
30 oC was further fitted to the Freundlich model by a 
linear regression technique as shown in Fig. 3. But the 
calculated Freundlich constant n was only 0.98, indicating 
poor adsorption characteristics. 

 

   Adsorption Thermodynamics. The thermodynam-
ic parameters at equilibrium at 293,298,303 K were calcu-
lated. The Gibbs’ free energy change (ΔG) can be calcu-
lated from: � = − ���  

where R is the universal gas constant and equal to 
8.314l/mol k; T is temperature (K) and Kc is the equilibri-
um constant (m3/mol). The thermodynamics parameters 
of enthalpy change (ΔH) and entropy change (ΔS) were 
evaluated using the following equation: ��� = ∆ − ∆

 
The value of ΔH and ΔS were calculated from the 

slope and intercept of the plot of 1/T versus lnKc (Fig. 4) 
and the values of ΔG, ΔH and ΔS were summarized in 
Table 4. 
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FIGURE 4  

Plot of Ln Kc vs. (1/T) for the estimation of the modynamic parameters for adsorption of PVA onto AC. 
 
 

TABLE 4 
Thermodynamic parameters for the adsorption of PVA on AC 

 
C0 (mg/L) ΔH(KJ/mol) ΔS(KJ/molK) ΔG(KJ/mol) 

303K 313K 323K 
100 -14.4 -0.05 -0.46 0.004 0.46 
200 -22.9 -0.08 1.71 2.52 3.34 
300 -25.3 -0.09 3.09 4.03 4.96 
400 -26.3 -0.10 3.75 4.75 5.74 
500 -26.4 -0.10 4.45 5.46 6.48 

 
 
The negative values of ΔH indicated that the adsorp-

tion of PVA on AC was an exothermic process. The lower 
temperature was conducive to the adsorption. In addition, 
the absolute value of ΔH was between 14.4 and 26.4 
KJ/mol indicating a physical adsorption characteristics. 
The negative entropy change ΔS reflected the affinity of 

the adsorbent material toward PVA and indicated the 
decrease of the randomness of the system [23]. 

 
FTIR analysis. The surface functional groups of 

sample were determined by FTIR and the spectrum was 
displayed in Fig. 5. 
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FIGURE 5 

FTIR spectra of zeolite(A), zeolite after adsorption PVA 100mg/L(B), AC(C), AC after adsorption PVA 
100mg/L(D), AC after adsorption PVA 500mg/L(E). 

 
 
For zeolite, 795 and 775 cm-1 was respective Si-O-Si 

absorption peak in the silicon oxygen tetrahedron and Al-
O-Si adsorption peak in aluminum oxygen octahedron. 
The absorption peak of 1620 and 470 cm-1 was caused by 
bending vibration of Si-O and Al-O. 1048 cm-1 was 
stretching vibration peak of Si-O-Si skeleton and 540 cm-1 
was stretching vibration absorption peak of tetrahedral 
structure. 3429 cm-1 was absorption peaks of combined 
water in the zeolite. For AC, 3407 cm-1 was O-H stretch-
ing vibration peak. 1720 cm-1 was C-O stretching vibra-
tion peak showing that the surface of AC have aldehyde 
group and ketone group. 1080 cm-1 indicated C-O vibrat-
ing peaks of a variety of functional groups, such as ether, 
phenolic hydroxyl group, etc. in AC [24].  

Compared with pure zeolite, zeolite after adsorption 
in the effluent remained unchanged. It meant that the 
contaminants could not be absorbed by zeolite. The ad-
sorption data also showed same results. For AC after 
adsorption, three peaks (1058, 1390 and 2970 cm-1) ap-
peared on the FTIR spectrum. 1390 and 2970 cm-1 was the 

bending vibration and stretching vibration absorption 
peak of C-H, respectively. 1058 cm-1 was the C-O stretch-
ing vibration peak of hydroxyl. PVA adsorbed on the 
surface of AC and larger adsorption capacity is corre-
sponding to stronger characteristic peaks. 

 
Adsorption mechanism. The two adsorbent with 

very similar surface area and pore volume had very dif-
ferent adsorption capacity to PVA, so the affinity of ad-
sorbent for PVA played an extremely essential role in the 
adsorption process. As demonstrated by the results of FT-
IR analysis, the surfaces of AC and zeolite had distinct 
functional group for the adsorption process. The oxygen 
atom in some functional group on the surface of AC, such 
as carbonyl, hydroxyl or ester can form stable hydrogen-
bonding structure with hydrogen atom in hydroxyl of 
PVA. On the other hand, oxygen atom in PVA also can 
form hydrogen-bonding structure with hydrogen atom in 
surface functional group of AC (shown in Fig. 6). 
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FIGURE 6 
The adsorption mechanism of hydrogen bonding between Activated Coke and PVA from aqueous solution. 

 
 
However, according to FT-IR results, the surface 

functional group of zeolite cannot form hydrogen-bonding 
structure. So the adsorption capacity of AC was much 
larger than that of zeolite. The calculated thermodynamic 
results can also prove the role of hydrogen-bonding for 
the adsorption process. The formation of hydrogen bond 
as the main factors well explained that the two adsorbents 
with similar surface area and pore volume had very dif-
ferent adsorption effect for PVA removal. 
 
 

CONCLUSION 
 

AC is an effective adsorbent for removal of PVA 
from aqueous solution. The adsorption reached equilibri-
um within 60 min in all different concentration. The 
amount of PVA uptake was found to enlarge with in-
crease of concentration. The adsorption data were found 
to follow pseudo-second-order kinetics. A Boyd plot 
confirms the external mass transfer as the slowest step 
involved in the sorption process. The equilibrium data 
were best fitted to the Freundlich isotherm model. The 
thermodynamic analyses indicate that adsorption of PVA 
by AC is an exothermic process and physical adsorption. 
Compared with the low adsorption capacity of zeolite and 
the results of FT-IR, the mechanism is related with hy-
drogen-bonding formation. AC shows excellent adsorp-
tion characteristics and can be used in the removal of 
PVA from aqueous solution. 
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ABSTRACT 
 

Electrical resistivity is one of the fundamental param-
eters of the soil, it is an index can be used to evaluate 
whether the soil was contaminated or not. Resistivity 
piezocone penetration test (RCPTU) is a reliable in situ 
technique which can measure the soil resistivity. By con-
ducted four RCPTU soundings at one pesticides contami-
nated site, soil parameters such as cone tip resistance (qt), 
sleeve friction (fs), pore pressure (u2), soil resistivity (ρ) 
and so on were obtained. Based on the data from different 
types of soil, correlations of qt, fs, u2, relative density (Dr), 
constrained modulus (Es) and ρ were established. The 
correlations are linearly independent, resistivity decrease 
with the increase of other parameters. It is shown that 
different pollutants had different effects on the same type 
of soil. Uncontaminated soils had the highest resistivity, 
nitidine chloride contaminated soils had higher resistivity 
than organophosphorus contaminated soils. Soils contam-
inated by same kind of pollutant have similar resistivity. 
Contaminated soils and uncontaminated soils were identi-
fied at different zones in Robertson et al. (1986) soil clas-
sification charts based on CPTU data. 

 
KEYWORDS:  
Pesticides contaminated site; in situ testing; RCPTU; soil classi-
fication 

 
 
INTRODUCTION 
 

The cone penetration test (CPT), as a fast, repeatable, 
simple, cost effective in-situ technique to detect the geo-
logical data, is widely used in subsurface soil characteri-

zation studies. It is used to estimate geotechnical parame-
ters and provide results for direct geotechnical design 
(Lunne et al. 1997). Cones with different type of sensors 
were developed for various purposes, such as pressure 
transducers, electrical resistivity, temperature, geophones, 
radioisotope, and so on (Lunne et al. 1997; Cai et al. 
2010, 2011a, 2012; Robertson et al. 2012). Cone with 
pressure transducer capable of measuring pore water 
pressure simultaneously with cone tip resistance (qt) and 
sleeve friction (fs), is commonly referred as piezocone 
penetration test (CPTU) (Baligh et al. 1980; Tumay et al. 
1981; Zuidberg et al. 1982; Lunne et al. 1997; Cai et al. 
2011b). CPTU with an electrical resistivity sensor can 
obtain soil resistivity named RCPTU, which can be used 
as a direct detection tool in geoenvironmental site assess-
ment. 

RCPTU cone consist of four conducting rings in the 
rod, two outer of them providing a constant current and 
other two measuring the resulting potential field. The 
probe can measure stationary electrical resistance. During 
the process of testing, geometrical effects are not ac-
counted for. Therefore, an apparent resistance is found 
instead of an absolute value for the electrical resistance. 
The measurement of electrical properties was first devel-
oped to evaluate in situ density of sands, more recently it 
can be used to evaluate other properties of soil. 

The resistivity of soil is depend on soil type, fluid re-
sistivity, soil porosity, compositions, structure, water 
content, degree of saturation and so on. Davies (1999) 
studied the correlation of bulk resistivity and sulphate ion 
concentration, as shown in Fig. 1, it is noted that bulk 
resistivity decrease with the increase of sulphate concen-
tration.  
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FIGURE 1  
Sulphate ion concentration versus bulk resistivity (Davies 1999)  

 
 

Hassona et al. (2008) built mathematical relationships 
of resistivity and bulk density, water content, specific 
gravity, Atterberg limits, grain size distribution of clayey 
soil, proved that resistivity is an easily and rapidly method 
to determine soil mechanical properties. It has been rec-
ognized that resistivity of soil is changed by the presence 
of pollutants. In geoenvironmental tests, resistivity of 
contaminated soils is much difference compared with 
uncontaminated soils. So it is feasible to distinguish con-
taminated soil from uncontaminated by resistivity. Fukue 
et al. (2001) performed field experiments with resistivity 
cone to detect contaminated soil layers. It was concluded 
that the resistivity cone can be used for detecting contam-
inated layer in soils whose background values are known. 
Campanella (2008) successfully using RCPTU to charac-
terize the contaminated sites, which including mine tail-
ing, oxidized sulphide leachate, creosote-contaminated 
saturated sediments, and salt water intrusion. Liu et al. 
(2012) used RCPTU to detect organic contaminated soils, 
concluded that RCPTU is a helping tool in geoenviron-
mental site detecting. 

There are several literatures based on field tests and 
laboratory experiments about resistivity cone penetrome-
ter for contaminant assessment (Campanella and 
Weemees 1990; Kim et al. 2007, 2009; Mondelli et al. 
2007; Chan 2008; Liu et al. 2008; Oh et al. 2008; Peixoto 
et al. 2010; Marluci et al. 2011; Siddiqui et al. 2013). It 
was concluded that resistivity is a useful index in deter-
mine whether the soil was contaminated, and resistivity 
cone penetrometer is a helping tool in geoenvironmental 

site detecting. Relationships of resistivity and other pa-
rameters also established.  

In contaminated sites, soil resistivity varied with dif-
ferent pollution compositions. RCPTU can be used to 
detect the change of soil resistivity (ρ). Meanwhile, other 
parameters such as cone resistance (qt), sleeve friction (fs), 
pore water pressure (u) could be obtained. Furthermore, 
the geotechnical parameters such as soil overconsolida-
tion ratio (OCR), undrained shear strength (Su), sensitivity 
(St), constrained modulus (Es), relative density (Dr), shear 
wave velocity (Vs), and so on, can be obtained. However, 
the correlations between soil electrical property and other 
physical and mechanical properties are very complex, 
because many soil properties may influence in-situ meas-
ured electrical parameters (Rhoades et al. 1976; Abu-
Hassanein et al. 1996; Banton et al. 1997).  

This paper presents a case study of RCPTU method 
used in one pesticides contaminated site located in Jiang-
su Province, Eastern China, providing geology infor-
mation about the test site. The main purposes of this paper 
are to establish correlations between measured resistivity 
and parameters based on RCPTU data, determine soil 
types using the classification chart proposed by Robertson 
et al. (1986), to find how pollutants influence soil classifi-
cation. 

 
 
SITE DESCRIPTION 
 
The site is located at northwest of Nantong City, 

Middle of Jiangsu Province, as shown in Fig. 2. 
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FIGURE 2 
Locations of four RCPTU tests carried out at the pesticides contaminated site 

 
 

It was an agrochemical & fine chemical factory. Nan-
tong City is located in north of the Yangtze River, belong 
to Yangtze River alluvial plain, characterized by alluvial 
deposit. Based on the data from drilling bores logs in the 
test site, subsurface deposits of the site consist of alternat-

ing layers of clayey silt, silty clay, sandy silt, medium 
sand, silt, silty sand, medium sand. Detailed soil layers 
are listed in Table 1, and soil properties are listed in Table 
2.  

 
 

TABLE 1 
Soil layers description of the study area 

 
Layer  

number Soil type Layer thickness 
(m) Description 

1 Fill 0.50~1.50 Gray to greyish, most of the soils are silt soil with silty clay, density of 
the soil is uneven, including construction waste 

2 Silty with 
silty clay 1.50~2.00 

Greyish to gray, silt soil is slightly dense, with high moisture, has low 
dry strength and low toughness; silty clay is soft-plastic, has high 
strength and high toughness, with smooth section 

3 Mucky 
silty clay 1.20~2.60 Dust color, with thin layer gray silt soil, flow-plastic, middle dry 

strength, high toughness, with smooth section 

4 Silty with 
silty clay 2.00~3.10 

Greyish to gray, silt soil is slightly dense, with high moisture, has low 
dry strength and low toughness; silty clay is soft-plastic, has high 
strength and high toughness, with smooth section 

5 Silty sand 4.00~4.10 Gray, with thin layer dust colour silty clay, middle density, saturation 

6 Silty with 
silty clay 2.50~2.80 

Greyish to gray, silt soil is slightly dense, with high moisture, has low 
dry strength and low toughness; silty clay is soft-plastic, has high 
strength and high toughness, with smooth section 

7 Medium 
sand  Gray, with thin layer dust colour silty clay, middle density, partial densi-

ty, saturation, 
Resistivity piezocone penetration tests were conducted at the test site. Four different locations  
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TABLE 2  
Soil layers and properties of the study area 

Soil layer Water con-
tent w (%) 

Unit 
weight γ 
(kN/m3) 

Porosity 
e 

Liquidity 
Index 

IL 

Consolidated-quickly shear 

Cohesion (c) Friction angle φ (°) 

Silt with silty 
clay  32.5 18.6 0.921 0.97 8.0 22.6 

Mucky silty clay 36.8 18.1 1.053 1.12 19.5 8.9 
Silt with silty 

clay 32.5 18.5 0.924 1.09 9.3 22.8 

Slit sand 27.5 19.3 0.772 1.0 31.2 

RCPTU-1 to RCPTU-4 (labeled as 1#, 2#, 3#, 4#) 
have been chosen to conduct RCPTU test, approximate 
location of the soundings were shown in Fig. 2. Each 
sounding has a different depths and the deepest one is 
RCPTU-1 with a depth of 23 m. Others are between the 
depth of 10~11 m. Four soundings are contaminated by 
different pesticides. RCPTU-1 was contaminated by ni-
tidine chloride; RCPTU-2 and RCPTU-3 were contami-
nated by organophosphorus; RCPTU-4 was uncontami-
nated, just as a comparison sounding. 

RCPTU soundings were conducted using Ho-
gentogler 200 kN digital resistivity pizeocone penetrome-
ter and field data were acquired using E4FCS software. 

The RCPTU system consist of a hydraulic pushing and 
leveling system, 1 m length segmental rods, cone pene-
trometers and a data acquisition system. The piezocone is 
equipped with various sensors to measure depth of pene-
tration, inclination, resistivity, cone resistance, sleeve 
friction and pore water pressure. The area of the cylindri-
cal cone is 10 cm2 with a tip angle of 60 °. The surface 
area of the friction cylinder is 150 cm2. The pore pressure 
is measured at the cone shoulder (u2). This equipment can 
be operated with the maximum depth of 40 m with a rate 
of penetration of 20 mm/s. Fig. 3 shows the schematic of 
the used resistivity piezocone probe with a four-electrode 
array (Liu et al. 2012). 

 

FIGURE3  
Schematic representation of a resistivity piezocone probe with a four-electrode array 

(Liu et al. 2012) 

Most of the RCPTU cones were arranged as shown in 
Fig. 3, which has four electrodes, known as Wenner ar-
ray. A large part of RCPTU cones were built with four 
electrodes because they are less subject to the effect of 
polarization in the electrodes. Devices with two elec-
trodes working at low frequencies are subject to the effect 

of polarization in the electrodes, which strongly interferes 
in resistivity readings. However, as higher frequencies are 
used, this effect tends to decrease as the ions cannot po-
larize in the electrodes (Weemees 1990). 

Typical RCPTU data and soil profiling are showing 
in Fig. 4 for the test site. 
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FIGURE 4  
Typical RCPTU data of test site in Nantong 

 
 

The groundwater table is also indicated in the Fig. 4 
(u2). Based on RCPTU data, soil stratums can be distin-
guished as follows. The soil layer shows fills to depth of 
about 1.6 m, the tip resistance is about 1.8 MPa, and de-
crease slightly with depth. A silty clay layer about 0.7 m 
with tip resistance about 3.1 MPa is layed below. At the 
depth of 4 m, there is a sandy silt layer, its thickness is 
about 1.5 m. Under the depth of 6.8 m, there is a mediun 
sand layer, its resistance is about 10.5 MPa, its thickness 

is about 2.6 m. At the depth of 10.1 m, there is another 
medium sand layer, which cone tip resistance is about 
12.5 MPa. The sublayer is silty sand, with thickness of 
about 4.1 m, whose cone resistance is about 7.0 MPa. The 
soil layer below is medium sand, which cone tip re-
sistance is about 12.2 MPa, with the thickness of about 
3.9 m.  

According to RCPTU data, soil profile is shown in 
Fig 5. 
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FIGURE 5 
Soil profile according to RCPTU data 

 
 

It can be seen in Fig. 5 that soil layers of the four 
RCPTU soundings are similar. Differences of soil layers 
are RCPTU-2 has a silt soil layer which is not exist in 
other soundings, and RCPTU-4 lacks of the silty clay 
layer just layed below the fill. 

 
 
THEORY OF SOIL RESISTIVITY  
 
According to Campanella and Weemees (1990), soil 

resistivity is determined first by measuring the electrical 
resistance. According to Ohm’s law, when the voltage of 
a pair of electrodes fed with an alternating current at a 
known frequency is known, resistivity of soil measured 
by this cone can be calculated from the following equa-
tion: 

2 va
I

 
                          ( 1 ) 

where ρ is the resistivity of soil (Ω⋅m); a is the dis-
tance between the electrodes (m); I is the electric current 
(mA); Δv is electric potential difference (mV). 

Measured soil resistivity is affected by several factors, 
such as pore fluid chemistry, degree of fluid saturation, 
porosity of soil matrix, clay content, mineralogy, and so 
on (Campanella 2008). According to Archie’s law (1942), 
soil bulk resistivity is relates to pore fluid resistivity, 
degree of saturation, soil porosity, and so on, the law was 
defined as following equation: 

)()( )()( S
r

m

f

b SnaF   
          ( 2 ) 

where F is formation factor; ρb is soil bulk resistivity, 
(Ω⋅m); n is soil porosity; Sr is degree of saturation, (%); ρf 
is fluid resistivity, (Ω⋅m); a is the scale factor of the equa-
tion, depends on the soil mineralogy; m is a constant val-
ue, depends on the soil type; s is exponent of the equation, 
depends on the soil mineralogy. 

 
 
RELATIONSHIPS BETWEEN RESISTIVITY 
AND ENGINEERING PROPERTIES OF CON-
TAMINATED SOIL 
 
As the cone tip resistance and sleeve friction were in-

fluenced by soil type, porosity, soil structure. According 
to equation (2), soil resistivity also influenced by soil 
structure, porosity, soil type. There must be relationships 
between the cone tip resistance, sleeve friction and soil 
resistivity. This paper tries to establish the relationships of 
these parameters. In this section, correlated cone tip re-
sistances (qt), sleeve frictions (fs) plotted against the val-
ues of soil resistivity (ρ) measured in the field by RCPTU. 
Every relation had a best fit line. The line is determined 
statistically based on the method of least squares. A coef-
ficient of determination (R2) was also computed for the 
suggested equation. 

Correlations between resistivity and RCPTU meas-
urements 

Soil resistivity versus cone tip resistance  
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Figure 6 illustrates the best fit correlation lines of 
corrected cone resistance (qt) values and soil resistivity 

(ρ) of four soundings. 
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FIGURE 6  
Variation of cone tip resistance with resistivity: (a) nitidine chloride contaminated soil (b) organophorus contam-

inated soil (c) uncontaminated soil 
 
 

Fig. 6(a) shows the relationship of the nitidine chloride 
contaminated soils. Fig.6(b) shows the relationships of 
two soundings contaminated by organophosphorus. Fig. 
6(c) shows the relationship of uncontaminated soils. It is 
noted that in all figures, relationships between cone tip 
resistance (qt) and resistivity (ρ) are linearly, every rela-
tion has an acceptable coefficient of determination. Resis-
tivity decreases linearly with the increase of cone tip 
resistance. It also can be seen that different pollutants had 
different effects on the soil resistivity.  

Resistivity of nitidine chloride contaminated soils 
range between 65.21~128.17 Ω⋅m. Resistivity of organo-
phosphorus contaminated soils range between 45.13~92.5 
Ω⋅m and 43.55~97.80 Ω⋅m. Resistivity of uncontaminated 
soils range between 70.35~142.11 Ω⋅m. Cone tip re-

sistance of nitidine chloride contaminated soils range 
between 1415~15360 kPa. Cone tip resistance of organo-
phosphorus contaminated soils range between 360~10862 
kPa and 420~11250 kPa. Uncontaminated soils’ cone tip 
resistance range between 532~14533 kPa. Uncontaminat-
ed soils have the highest resistivity, middle range of cone 
resistance; nitidine chloride contaminated soils have mid-
dle resistivity, and the highest cone resistance; organo-
phosphorus contaminated soils have the lowest resistivity, 
and the lowest cone resistance. Same pollutant has similar 
effects on soil resistivity and cone resistance.  

Soil resistivity versus sleeve friction  
Figure 7 illustrates the best fit correlation lines of 

sleeve friction (fs) and soil resistivity (ρ) of four sound-
ings. 
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FIGURE 7  
Variation of sleeve friction with resistivity: (a) nitidine chloride contaminated soil (b) organophorus contaminat-

ed soil (c) uncontaminated soil 
 
 

Fig. 7(a) shows the relationship of the nitidine chloride 
contaminated soil. Fig. 7(b) shows the relationships of 

two soundings contaminated by organophosphorus. Fig. 
7(c) shows the relationship of uncontaminated soils. It is 
noted that in all figures, the relationship of sleeve friction 
(fs) versus resistivity (ρ) are linearly, every relation has an 

acceptable coefficient of determination. Resistivity de-
creases linearly with the increase of sleeve friction.  
Sleeve friction of nitidine chloride contaminated soils 

range between 8.69~222.64 kPa. Sleeve friction of organ-
ophosphorus contaminated soils range between 
5.01~128.8 kPa and 8.18~150.9 kPa. Uncontaminated 
soils’ sleeve friction range between 16.43~158.1 kPa. 
Uncontaminated soils have the highest resistivity, middle 

range of sleeve friction; nitidine chloride contaminated 
soils have middle resistivity, the highest sleeve friction; 
organophosphorus contaminated soils have the lowest 
resistivity, and the lowest sleeve friction. Same pollutant 
has similar effects on soil resistivity and sleeve friction.  

Soil resistivity versus pore water pressure  
It is generally accepted that the pore pressure around 

a penetrating cone influence the measured cone tip re-
sistance and sleeve friction (Lunne et al. 1997). On the 
RCPTU cone we used, pore pressure was measured at the 
cone shoulder (u2). Fig. 8 demonstrates the best fit corre-
lation lines of pore pressure (u2) values and soil resistivity 
(ρ) of four soundings. 
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FIGURE 8  

Variation of pore pressure with resistivity: (a) nitidine chloride contaminated soil (b) organophorus contaminat-
ed soil (c) uncontaminated soil 

 
 

Fig. 8(a) shows the relationship of the nitidine chlo-
ride contaminated soils. Fig. 8(b) shows the relationships 
of two soundings contaminated by organophosphorus. 
Fig. 8(c) shows the relationship of uncontaminated soils. 
It can be seen that in all figures, the relationship versus 
pore pressure (u2) and resistivity (ρ) are linearly, every 
relation has an acceptable coefficient of determination. 
Resistivity decreases with the increase of pore pressure. 

Pore pressure of nitidine chloride contaminated soils 
range between 4.50~120.64 kPa. Pore pressure of soils 

contaminated by organophosphorus range between 
16.8~70.17 kPa and 5.30 ~83.02 kPa. Pore pressure of 
uncontaminated soils range between 6.01~74.20 kPa. 

Correlations between resistivity and mechanical pa-
rameters 

Soil resistivity versus relative density  
In the test site, several stratums are silty sand and 

middle sand, their properties are all relate with relative 
density. Fig. 9 illustrates the best fit lines of relative den-
sity (Dr) and soil resistivity (ρ) of four soundings. 
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FIGURE 9  
Variation of relative density with resistivity: (a) nitidine chloride contaminated soil (b) organophorus contami-

nated soil (c) uncontaminated soil 
 
 

Fig. 9(a) shows the relationship of the nitidine chlo-
ride contaminated soils. Fig. 9(b) shows the relationships 
of two soundings contaminated by organophosphorus. 
Fig. 9(c) shows the relationship of uncontaminated soils. 
It is noted that in all figures, the relationship between 
relative density (Dr) and resistivity (ρ) are linear correla-
tion, and every relation with an acceptable coefficient of 
determination. Resistivity decreases linearly with the 
increase of relative density. Uncontaminated soils have 

the highest resistivity, while organophosphorus contami-
nated soils have the lowest values. The relative density of 
uncontaminated soils range is 26.87~65.75 %, and for the 
nitidine chloride contaminated soils range is 9.5~63.8 %. 
While the relative density of organophosphorus contami-
nated soils are 17.86~60.50 %, 30.9~62.9 %, respectively. 

Soil resistivity versus constrained modulus  
Figure 10 illustrates the best fit lines of constrained 

modulus (Es) and soil resistivity (ρ) of four soundings. 
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FIGURE 10  
Variation of constrained modulus with resistivity: (a) nitidine chloride contaminated soil (b) organophorus con-

taminated soil (c) uncontaminated soil 
 
 

Fig. 10(a) shows the relationship of the nitidine chlo-
ride contaminated soils. Fig. 10(b) shows the relationships 
of two soundings contaminated by organophosphorus. 
Fig. 10(c) shows the relationship of uncontaminated soils. 
It is noted that in all figures, the relationships between 
constrained modulus (Es) and resistivity (ρ) are linear 
correlation, every relation has an acceptable coefficient of 
determination. Resistivity linearly decreases with the 
increase of constrained modulus. Range of nitidine chlo-
ride contaminated soils’ constrained modulus is 
10.78~92.52 MPa. Range of organophosphorus contami-
nated soils’ constrained modulus are 4.50~91.76 MPa and 
4.22~88.68 MPa. Range of uncontaminated soils’ con-
strained modulus is 4.15~105.53 MPa. Uncontaminated 
soils have the highest resistivity and constrained modulus, 
and nitidine chloride contaminated soils have middle 
resistivity and constrained modulus. While organophos-
phorus contaminated soils have the lowest resistivity and 
constrained modulus. Same pollutant has similar effects 
on soil resistivity and constrained modulus.  

The results in Fig. 6 to Fig. 10 demonstrate that with 
the increase of soil cone tip resistance (qt), sleeve friction 
(fs), pore pressure (u2), relative density (Dr), and con-
strained modulus (Es), resistivity of soil (ρ) decrease in 

different degree. As aforementioned, there are several 
factors affect soil resistivity, pore fluid chemistry changed 
in pesticides contaminated soils, so resistivity changed. 
When soil relative density increase, the void ratio de-
crease, cone tip resistance and sleeve friction increase, 
soil microstructure variation, the porosity of soil decrease, 
and so soil resistivity change. In pesticides contaminated 
soils resistivity decrease. It is also shown that organopho-
rus has much more influence on the properties of soil than 
nitidine chloride does. 

 
 

IDENTIFICATION OF PESTICIDE CONTAM-
INATED SOILS 

 
Identify soil type is one of the most common appli-

cations of CPTU test. This has been accomplished by 
using charts that link cone parameters with soil type, or 
accomplished by empirical correlations of cone parame-
ters. A number of classification methods have been re-
ported for predict soil type from either CPT or/both 
CPTU data. Several common used soil classify methods 
found in literature were list in Table 3. 
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TABLE 3  

Soil classification methods based on CPT/CPTU data in literatures 
 

References Index of classification Characteristic 

Begemann (1965) qt , fs 
Site-specific, for Dutch 

soils 
Jones and Rust (1982) qt , u  

Robertson et al. (1986) 
Campanella and Robertson (1988) qt , Rf / Bq Separate soil type into 12 

zones, 
Olsen and Malone (1988) Rf , corrected qct  
Olsen and Mitchell (1995) Corrected Rf , corrected qt  
Senneset and Janbu (1989) Bq , qt Suitable for qt<16MPa 

Robertson (1990) FR, Qt, qt, Bq, Rf  
Jefferies and Davies (1991) 
Robertson and Wride (1998) Ic  

Eslami and Fellenius (1997) BE, qt  
Zhang and Tumay (1999, 2003)  

Kotzias et al. (2000) U  

Liao (2005) 
Liao and Mayne (2012) qt, fs, Bq 

Truly three-dimensional 
soil classification scheme 

Note: qt - Cone tip resistance; fs - Sleeve friction; u - Excess pore pressure; Rf - Friction ratio; Bq -Pore pressure ratio; BE 
- Effect pore pressure ratio; Qt - Normalized cone tip resistance; FR - Normalized sleeve friction; Ic  - Soil behavior type 
index; U - Soil classification index. 

 
 

Douglas and Olsen (1981) first used electrical cone 
penetrometer to profile soils, they proposed a soil classifi-
cation chart use parameters of qt and Rf. The chart also 
indicates soil liquidity trends and earth pressure coeffi-
cient. Senneset and Janbu (1985) proposed pore pressure 
ratio, Bq, which is defined by Equation (3): 

2 0

0 0
q

t v t v

u u uB
q q 

 
 

 
               ( 3 ) 

where Bq is pore pressure ratio, u0 is in-situ pore pres-
sure, σv0 is in situ total vertical stress, ∆u is the excess 
pore pressure. 

Robertson et al. (1986) defined soil classification 
charts used qt, Bq, and Rf. Soil behavior type was divided 
into 12 zones in the charts. They point out occasionally 
soil will fall within different zones in each chart. Account 
for the influence of overburden stress, Robertson (1990) 
refined soil behavior type classification charts using nor-
malized cone tip resistance Qt and normalized friction 
ratio Fr, defined as follows: 
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                                   (5) 

where σ’
υ0 is effective vertical stress, equal to (συ0-u0); 

other symbols are same as Equation (3) defined. 
Among these classification methods, the charts pro-

posed by Robertson et al. (1986) and Robertson (1990) 
are used commonly. According to Cai et al. (2011), the 
Robertson et al. (1986) classification charts are best ap-
propriate for classifying recent clayey deposits in Jiangsu 
Province of China. Hence, this paper use the Robertson et 
al. (1986) charts to classify the soil type in the research 
site, to check whether the contaminated soils and uncon-
taminated soils locate at same zone in each chart. 

In the test site, soil properties of qt and Bq were ob-
tained by RCPTU. According to the Robertson et al. 
(1986) soil classification charts, test site soil types are 
illustrated in Fig. 11. 
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FIGURE 11  
RCPTU data plotted in Robertson et al. (1986) charts 

 
 

Zones/Soil behavior type (from Robertson et al. 1986) 
 

1. Sensitive fine grained 4. Silty clay to clay 7. Silty sand to sandy silt 10. Gravelly sand to sand 

2. Organic material 5. Clayey silt to silty 
clay 8. Sand to silty sand 11.Very stiff fine grained* 

3. Clay 6. Sandy silt to clayey 
silt 9. Sand 12. Sand and clayey sand* 

Note: *(over consolidation or cemented) 
 
 

Fig. 11(a) shows the results of classification by index 
of cone resistance (qt) and pore pressure ratio (Bq). It is 
noted that uncontaminated soils belong to zones of 8 and 
9; nitidine chloride contaminated soils belong to zones of 
6 to 8, few of the data located at the dividing line of zone 
8 and zone 9; organophorus contaminated soils belong to 
zones of 3 to7. As soil types in the research site mostly 
are sand, the Bq of the soil are very close, that is why the 
soil locations were so close to each other. 

Fig. 11(b) is classified by cone tip resistance (qt) and 
friction ration (Rf), it could be clearly seen that uncontam-
inated soils belong to zones of 7 and 8; nitidine chloride 
contaminated soils belong to zones of 6 and 7, few of the 
data located at the dividing line of zone 7 and zone 8; 
organophorus contaminated soils belong to zones of 3 to 
7. It can be concluded that contaminated soils belong to 
different zones compare with uncontaminated soils, as the 
soil mechanical properties are affected by the pollutants. 

 
 
SUMMARY AND CONCLUSIONS  
 

This paper analyzed data of one pesticides contami-
nated site obtained by RCPTU, established the relation-
ship of different type of soils resistivity with cone re-
sistance, sleeve friction, pore pressure, relative density 
and constrained modulus. Some conclusions can be 
reached as follows: 

(1) The relationship of each one is a linear correlation 
and has a similar trend with each other. Resistivity de-
crease linearly with the increase of soils properties. Each 
of the linear correlation has an acceptable coefficient of 
determination (R2 > 0.80). 

(2) It is noted that properties of contaminated soils 
such as cone tip resistance, sleeve friction, relative densi-
ty, constrained modulus are lower than uncontaminated 
soils. Different pollutants influenced different degree of 
soil properties. Properties of nitidine chloride contaminat-
ed soils are higher than that of organophosphorus contam-
inated soils. They all have similar trend as uncontaminat-
ed soils, that is with increase of properties value, soil 
resistivity decrease.  

(3) When using Robertson chart to classify soil type, 
contaminated soils located at different zones from uncon-
taminated soil. In this test site, uncontaminated soils be-
long to zones of 8 and 9 (qt-Bq) or 7 and 8 (qt-Rf), nitidine 
chloride contaminated soils belong to zones of 6 to 8 (qt-
Bq) or 6 and 7 (qt-Rf), organophosphorus contaminated 
soil belong to zones of 3 to 7 (qt-Bq) or 3 to 7 (qt-Rf). 
Uncontaminated soils locate at higher zones than contam-
inated soil in the chart.  

(4) It is feasible to use RCPTu as a help tool to judge 
whether the soil was contaminated. As the resistivity of 
organic pesticides contaminated soil is lower than uncon-
taminated soil. By the degree of the contaminated soils’ 
resistivity decrease, whether the soil was contaminated 
can be judged, and proper measures can be taken to deal 
with the site. 
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ABSTRACTS 

 
One of the major objectives of the European 

Union economic policy is to become a low-carbon 
and resource efficient economy. Therefore, aiming 
to increase the efficiency of inputs used in the 
agricultural production is gaining importance. 
Efficiency scores are calculated for the goal of the 
new CAP framework 2014-2020 and 20-20-20 
strategy by single and multi-output models. Value 
of agricultural Production and CO2 emission levels 
are considered as desirable and undesirable outputs. 
Environmental, production and emission 
efficiencies of EU countries and the candidate 
country Turkey are determined with a new index 
which can be used by Data Envelopment Analysis 
methodology and existing software.  In this paper 
its determined that, CO2 emission and energy 
consumption can be reduced by 19.62% and 
11.51% while the agricultural production value 
increased by 15.80%. Also its determined that 
countries should be reduce capital stock by 8.83%, 
cattle population by 3.67%, fungicide and 
bactericide use by 4.57%, herbicide use by 4.41%, 
insecticide use by 5.04%, and nitrogen, phosphate 
and potassium fertilizer consumption by 11.87%, 
10.59%, and 10.34%. 
 
KEYWORDS: 
DEA, Desirable and Undesirable Outputs, Environmental 
Efficiency. 

 


INTRODUCTION 
 
After the 1950’s the first aim of production 

was to produce more. In this respect many studies 
were carried out to increase the production. This 
was especially true in agricultural production, due 
to the increase of population and hunger. Earlier 
attempts to increase agricultural production, such as 
plant breeding, use of pesticides, and chemical 
fertilizers led to more modern techniques such as 
GMO (Genetically Modified Organism) crops. 
Over the time, these techniques included economic 
aspects such as resource utilization, and efficiency 

has been gaining importance. However, 
environmental problems constitute a serious threat, 
both domestically and globally [1]. Nowadays, 
sustainability and reducing environmental impact, 
such as pollution, is considered an integral part of 
production. The products which produced in this 
way have higher market prices and more preferable 
[2]. This condition has brought forward the 
undesirable outputs which was previously unheeded 
and production processes reached to a new level. To 
ensure that economic and environmental 
productivity continues to increase in the agricultural 
sector, agricultural inputs must be used at their 
optimum levels [3]. 

There are undesirable outputs in the 
agricultural production, even agricultural practices 
contribute about 20% of the global annual emission 
of carbon dioxide (CO2) [4].  Due to this, 
environmental efficiency analysis in agriculture and 
undesirable outputs have received attention and 
many researchers have made researches in this field 
[5-6-7-8-9-10-11-12-13-14]. 

One of the major objectives of the European 
Union (EU) economic policy is to become a low-
carbon and resource efficient economy. According 
to this goal by the year 2020 EU needs to decrease 
the CO2 emissions by 20%, increase the efficiency 
of energy use by 20% and produce the 20% of the 
overall energy being consumed by renewable 
energy resources (20-20-20 strategy) [15]. Using 
statistical relationships between agricultural 
production and undesirable outputs, it is concluded 
that there is considerable potential for CO2 
mitigation by total European agriculture [16]. The 
Common Agricultural Policy (CAP), has set a 
series of environmental preconditions which should 
be satisfied by the farmers. The new CAP 
framework for the 2014-2020 programming period 
reinforces the environmental conservation agenda, 
aiming to increase the efficiency of inputs used in 
the agricultural production [14]. 

The main purpose of this paper is to calculate 
the agricultural efficiency scores of the EU 
countries and the candidate country, Turkey, 
considering desirable and undesirable outputs with 
the aim of CAP framework (2014-2020). The 
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secondary purpose is to determine the input levels 
which will decrease CO2 emissions levels for the 
goal of 20-20-20 strategy. 
 
 

MATERIALS AND METHODS 
 

The main methodology used is the estimation 
of a production frontier function with eleven inputs 
and two outputs in order to measure the technical 
efficiency in agricultural sector. EU countries and 
candidate country Turkey, which produce 16% of 
the total agricultural production value of the EU 
have considered as the decision making units 
(DMU). The data for these countries were obtained 
from Food and Agriculture Organization of the 
United Nations (FAO). Total Value of Agricultural 
Production (million US$) and Emissions from 
agriculture (CO2 equivalent) (Giga kilograms) 
(FAO, 2012) have been determined as output. 
Inputs are determined as; 

 
I1: Energy used in agriculture 

(Calculated by multiplication of the ratio of 
the energy used in agriculture to total energy 
production [17] and the total energy 
production [18] (Energy) 

I2: Agricultural land (Land) 
I3: Agricultural net capital stock (Cap.) 
I4: Total economically active 

population in agriculture (Pop.) 
I5: Cattle stock (Cattle) 
I6: Usage of total Fungicides & 

Bactericides (F&B) 
I7: Usage of total Herbicides (Herb.) 
I8: Usage of total Insecticides (Ins.) 
I9: Consumption of Nitrogen Fertilizers 

(N total nutrients) (N) 
I10: Consumption of Phosphate 

Fertilizers (P205 total nutrients) (P) 
I11: Consumption of Potash Fertilizers 

(K20 total nutrients) (K) 
 
As agricultural land and population inputs can 

only be interfered with long term policies they are 
calculated as uncontrolled inputs. 

Data Envelopment Analysis (DEA) has been 
used for estimation of efficiency scores. This non-
parametric efficiency estimate method applying 
frontier functions was introduced by Charnes, 
Cooper and Rhodes [19] and has been modified and 
extended after further research [20-21]. DEA allows 
for the evaluation of each DMU by producing one 
or several outputs from a common set of inputs. 
Technical efficiency scores have been calculated as 
single-output and multi-output. In the single output 
model, value of agricultural production (desirable 

output) has been determined as output and named 
as Production Efficiency (PE). In the second model 
only the emission values (undesirable output) have 
been determined as output and named as Emission 
Efficiency (ESE). Lastly in the third model, value 
of agricultural production and emission values 
determined as outputs at the same time and named 
as Environmental Efficiency (EE). 

Framework. The efficiency of each unit is 
defined as the ratio of the weighted sum of outputs 
in relation to the weighted sum of inputs. In other 
words, technical efficiency criterion (for jth decision 
point) for any decision point can be determined by; 
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There are "n" pieces output and “m" pieces 
input for jth decision point. Here un represents the 
weight of nth output, yn represents the amount of nth 
output, vm represents weight of mth input and xm 
represents the amount of mth input. As can be seen 
from equation 1, DEA includes a fractional 
programming process. However, it is difficult to 
solve the fractional programming. Therefore 
fractional programming set can be solved by 
converting to linear programming set with the 
assumption that the denominator of the equation 
equals to one. Generally in DEA two models are 
used. These are CCR (Charnes-Cooper-Rhodes) 
[19] model and BCC (Banker-Charnes-Cooper) 
[22] model. In both models, fractional 
programming-linear programming transformation 
can be used for calculation. CCR model is based on 
assumptions of Constant Returns to Scale (CRS). If 
the efficiency of the jth DMU is gj, the aim should be 
the maximization of this value. In this case, under 
the assumption of output orientation, the objective 
function and the constraints should be defined as : 







 m

i
ii

n

r
rr

j

xv

yu
OFh

1

1    (2) 

 
Constraints; 

0
0

1

1

1














i

r

m

i
ii

n

r
rr

v
u

xv

yu

   (3) 

 



by PSP Volume 25 – No 1/ 2016, pages 240-248  Fresenius Environmental Bulletin    


242 




When equations 2 and 3 expressed with linear 
programming logic, equations 4 and 5 will be 
obtained. 
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BCC model is based on the assumption of the 

VRS. The only difference from CCR model of BCC 
model is the sum of   (Values that provide the 
information which is necessary to create a possible 
efficient input-output combination for an inefficient 
DMU) values equals to one. In this case the model 
will be as follows: 

s.t. 
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Scale efficiency (SE) can be calculated by the 

ratio of CRS and VRS technical efficiency scores. 

�� = ������     (7) 
In many studies, there are environmental 

based efficiency scores that named eco-efficiency 
or environmental efficiency which were calculated 
by different models. However, these models cannot 
be included in the commonly used basic DEA 
software. Unlike other studies in this paper, the 
undesirable output (emission value) is included to 
the model as CO2

-1. In the output-oriented 
efficiency models, the aim is to maximize the 
output. So in this condition, the fact that when the 
model try to maximize the output, emissions will be 
minimized. It is thought that although there are 
models which can minimize the output, this new 
simple indexing method can be used with all DEA 
software's for the models that have desirable and 
undesirable outputs. The data were analysed by 
Banxia Frontier Analyst, Stata and SPSS software. 
 

RESULTS AND DISCUSSION 
 

In this study all data were analysed for 29 
countries. In terms of their contribution to total 
value of agricultural production, the leading 
countries are France (17%), Turkey (16%), 
Germany (12%), Italy (9%), Spain (9%), UK (5%), 
Poland (5%), Romania (4%) and Greece (4%). 
These nine countries constitutes more than 80% of 
the total value of agricultural production. The 
remaining 20 countries are relatively smaller 
countries and specialized in other producing areas. 
The same nine countries are responsible for more 
than 80% of the total CO2 emissions from 
agriculture and their shares are respectively, France 
(16%), Germany (14%), UK (10%), Turkey (9%), 
Spain (9%), Poland (9%), Italy (8%), Romania 
(4%) and Greece (3%). In the Analysis, 2 outputs 
and 11 inputs have been used. Descriptive statistics 
for inputs and outputs are given in Table 1. 
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TABLE 1 
                                                     Descriptive Statistics of Inputs and Outputs 
 

N=29 Mean STD Min. Max. 
Value of agricultural production (million US$) 15832 21743 147 77901 
CO2

-1 (Giga kilograms-1) 0.616 2.024 0.012 10.917 
Energy used in agriculture (Quadrillion Btu) 2.600 1.540 0.310 6.460 
Agricultural land (1000 ha) 7758 9777 10 38407 
Agricultural net capital stock (million US$) 26721 33304 96 123247 
Total economically active population in agriculture (1000) 616 1485 2 7809 
Cattle stock (1000 head) 3466 4680 16 19006 
Usage of total Fungicides & Bactericides (tonnes) 5371 9666 47 42537 
Usage of total Herbicides (tonnes) 4180 5349 36 22632 
Usage of total Insecticides (tonnes) 1610 3439 13 14335 
Consumption of Nitrogen Fertilizers (tonnes) 422417 549899 1969 1914915 
Consumption of Phosphate Fertilizers (tonnes) 111986 146411 10 612825 
Consumption of Potash Fertilizers (tonnes) 99305 130627 30 446185 

 
 
The efficiency calculations have been done as 

single-output and multi-output. Primarily only 
value of agricultural production, then only CO2 
emission has been included to the calculations as an 
output. In the multi output model value of 
agricultural production (as desirable output) and 

CO2 emission (as undesirable output) were included 
to the calculations. Technical efficiency scores 
about desirable and undesirable outputs are given in 
Table 2. Density distributions about efficiency 
scores can be seen in Figure 1. 

 
 

                                                                                  TABLE 2 
                                                    Descriptions of the Technical Efficiency Scores 

 

Models 
Production 
Efficiency 

Emission 
Efficiency 

Environmental 
Efficiency 

CCR BCC SCA CCR BCC SCA CCR BCC SCA 
Mean 0.81 0.84 0.96 0.32 0.39 0.69 0.69 0.71 0.92 

SD 0.59 0.65 0.87 0.12 0.15 0.61 0.47 0.52 0.87 

Min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Max. 0.09 0.13 0.11 0.12 0.19 0.17 0.16 0.11 0.07 

%Efficient Countries 35 45 35 14 17 18 21 24 35 

Correlation between CCR-BCC   0.816*** 0.811*** 0.571** 

Correlation between BCC-SCA 0.479** 0.779*** 0.129 

Correlation between CCR-SCA   0.901*** 0.732*** 0.857*** 
*** Significant at level 0.01, **Significant at level 0.05 
 
 



by PSP Volume 25 – No 1/ 2016, pages 240-248  Fresenius Environmental Bulletin    


244 




 
 

                                                                                FIGURE 1 
                                         Kernel Density Estimates of the Technical Efficiency Scores 

 
 
BCC model scores that computed for both PE 

and ESE are higher than the CCR model scores as 
expected. The reason for this is, in BCC models 
more DMUs can find their way to the frontier [23-
24-25]. PE scores are in medium-high level and in 
concordance with many other studies [5-6-8-11]. 
The referenced countries for CCR and BCC models 
are Germany, France, Holland, Spain, Sweden, 
Italy, Romania, Slovenia, Turkey and Greece. 
These countries are also determined as full 
efficient. The lowest score is belongs to Latvia with 
59.32%. When a comparison for agricultural 
production is made from the production efficiency, 
although England (87.35%) and Poland (69.04%) 
have high production values it is observed that they 
have not managed to reach the required 
achievement. However the impact of natural 
conditions on agricultural production should not be 
forgotten. The countries have high scale efficiencies 
and it is determined that the disadvantage due to 
scale is about 4%. There are statistically significant 
positive relationships between the CCR, BCC and 
SCA efficiency scores. In terms of value of 
agricultural production, it is determined that 
Hungary, UK, Portugal, Czech Republic and 
Slovakia are producing subject to non-increasing 
returns to scale, Croatia and Poland are producing 
subject to decreasing returns to scale and the 
remaining countries are producing subject to 
constant returns to scale. 

ESE scores are quite low compared to the PE 
scores. The means of technical efficiency scores are 
32% (CCR), 39% (BCC) and 69% (SCA) and these 
scores shows that the emission efficiencies of the 
countries are rather low. This condition represents 
that the countries can have a lower CO2 emission 
levels with the same amount of input or with the 
lower levels of input have the same emission levels. 
The main issue here is the reduction of CO2 
emission levels. In order to reduce agricultural CO2 
emission levels, inputs should be reduced.  Malta, 

Estonia, Sweden and Bulgaria are appeared as a 
reference point for both CCR and BCC models and 
it is also seen that they are 100% efficient. In 
accordance with the input levels of these four 
countries, it is observed that these countries 
produced the lowest levels of CO2 emission. From 
perspective of the agricultural input, among the 29 
countries Malta has the lowest emission level, 
Estonia has the lowest 7th, Bulgaria 11th and 
Sweden has the lowest 15th. Malta and Estonia in 
comparison to other countries have low and similar 
agricultural production and input usage. But 
Sweden and Bulgaria have a perceivable share for 
total agricultural production. Due to this reason 
both the countries ESE scores and the used 
agricultural input and CO2 emission scale between 
them is rather important.  When examining the 
inputs of the both countries it is seen that their input 
amounts are very similar to each other. In Sweden it 
is observed that the cattle number and the amount 
of phosphate fertilizers and in Bulgaria amounts of 
pesticides and other chemical fertilizers are 
commonly used. As per the CCR model the lowest 
ESE scored countries are Poland (12%), Turkey 
(18%), Greece (19%), Hungary (19%) and France 
(20%) and as per the BCC model are Poland (15%), 
Turkey (19%), France (%22), Hungary (22%) and 
Greece (23%). There are also statistically 
significant positive relationships between the CCR, 
BCC and SCA efficiency scores. As a result of the 
calculations for CO2 emission, only five countries 
(Sweden, Bulgaria, Malta, Estonia, Lithuania) 
produce subject to constant returns to scale and the 
remaining countries produce subject to increasing 
returns to scale or decreasing returns to scale and as 
per the ESE scores the %100 efficient countries are 
the countries that produce subject to constant 
returns to scale. 

As expected, the mean of EE scores are 
between the means of PE and ESE scores. In the 
previously mentioned papers for agricultural sector, 
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differently named efficiency studies like eco-
efficiency, environmental efficiency or sustainable 
efficiency which were considered the desirable and 
undesirable outputs have been studied. The results 
of this paper are in concordance with these studies 
[5-6-9-11-14]. In terms of EE scores Netherlands, 
Sweden, Germany, France and Bulgaria are 
determined as reference countries (100% efficient 
both in CCR and BCC models.  

Only Sweden within these counties have been 
determined as not alone single output but also 
multi-output as most efficient country. In the study 
done for the 15 European countries, Sweden has 
been determined as the most efficient country for 
environmental efficiency and in the other studies 
done for the EU countries, Netherlands and 
Bulgaria have been pointed out as reference 
countries [11-14]. The lowest EE scored countries 
are Portugal (47%) and Czech Republic (48%) for 
CCR model and Czech Republic (52%) and 
Portugal (53%) for BCC model. Also in the 
previously studies, Czech Republic and Portugal 
determined as with lowest efficiency scores. EE 
scores of the main countries with the highest 

agricultural production values are listed as Spain 
(84%), UK (79%), Italy (74%), Greece (71%), 
Turkey (66%), Poland (55%), and Romania (54%). 
In other studies the calculated scores for UK were 
82% and 89%. In addition, in this study the 
calculated score rankings for these countries show 
similarities with the other studies [9-11-14]. 

As a result of the calculations, it is observed 
that six countries (Hungary, UK, Portugal, Latvia, 
Czech Republic, Slovakia) produce subject to 
decreasing returns to scale, two countries (Croatia, 
Poland) produce subject to increasing returns to 
scale and the remaining countries produce subject 
to constant returns to scale. It is also seen that the 
%100 efficient countries are the ones that produce 
subject to constant returns to scale. The mean of 
SCA scores are at a high level. After an efficiency 
estimate is obtained, it is interesting to analyse the 
magnitude of the slacks for each output in order to 
find out the increase percentage they could achieve 
if we eliminated inefficiency. Table 3 shows the 
total slacks, as well as those corresponding to the 
decrease in inputs given the output orientation. 

 
 

                                                                                 TABLE 3 
                                                          Total Improvements in Variables (%) 

 
 VAP CO2 Energy Cap. Cattle F&B Herb. Ins. N P K 

PE 8.92 
(5.16) - 7.06 

(7.11) 
4.88 

(3.47) 
1.55 

(1.98) 
3.09 

(2.17) 
4.05 

(5.73) 
5.18 

(4.78) 
12.23 
(9.14) 

13.10 
(8.11) 

11.54 
(7.12) 

ESE - 37.94 
(14.47) 

17.77 
(1.41) 

1.37 
(1.59) 

5.48 
(6.12) 

7.35 
(4.51) 

8.41 
(5.42) 

6.21 
(4.19) 

13.85 
(8.83) 

14.13 
(9.21) 

12.56 
(9.61) 

EE 15.80 
(11.54) 

19.62 
(13.91) 

11.51 
(10.28) 

8.83 
(6.36) 

3.67 
(6.11) 

4.57 
(5.78) 

4.41 
(6.05) 

5.04 
(9.09) 

11.87 
(9.97) 

10.59 
(8.16) 

10.34 
(8.84) 

*Values in parentheses are standard deviations 
 
 
In view of the slacks in technically inefficient 

countries, an increase of up to 8.92% on average in 
value of agricultural production should be possible; 
the potential decline in CO2 emissions (37.94%) and 
the potential improvement for value of agricultural 
production and decline for CO2 in multi-output 
performance rises to 15.80% for VAP and 19.62 for 
CO2 emission on average. As to inputs, it is relevant 
to highlight the mean slack of N, P, and K for value 
of agricultural production, CO2 emission and multi-
output performance. A noticeable variability in the 
slacks of variables is shown all over the sampling 
(Table 3). While there are some completely 

efficient countries that make an optimum use of 
resources, there are some other countries with a 
very low level of efficiency. EE scores and 
improvements in variables of 29 countries can be 
seen in Table 4. 

In view of slacks, the main countries with the 
highest agricultural production values, Romania 
and Turkey especially should reduce their energy 
consumption, Poland and U.K. especially should 
reduce their N, P, K fertilizers consumption and 
cattle stock, Spain, Italy and Greece should reduce 
all inputs in a balanced way. 
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                                                                                  TABLE 4 
                                              EE Scores and Improvements in Variables (%) 
 

Countries EE (%) VAP CO2 Energy Capital Cattle F&B Herb. Ins. N P K 

Austria 71.25 12.23 20.24 8.21 2.11 0 3.31 0 0 15.51 12.10 9.48 
Belgium 66.36 8.81 19.48 12.54 5.21 0 2.16 5.16 7.45 21.25 14.54 7.65 
Bulgaria 100.00 0 0 0 0 0 0 0 0 0 0 0 
Croatia 49.12 31.25 41.48 13.30 11.23 17.50 5.50 3.31 4.86 36.60 26.20 25.50 
Cyprus 51.26 12.10 26.25 39.91 18.23 0 1.10 6.16 10.54 2.25 8.10 24.40 
Czech Rep. 48.23 27.23 27.23 8.31 15.53 0 12.85 13.00 43.16 24.10 11.00 11.90 
Denmark 90.32 9.25 10.21 4.56 0 2.36 0 0 0 2.51 1.18 3.47 
Estonia 68.45 14.33 14.25 2.23 7.25 4.16 2.21 4.12 1.25 17.41 11.24 5.36 
Finland 75.18 25.23 5.23 5.28 3.21 0 0 0 0 8.16 15.35 14.84 
France 100.00 0 0 0 0 0 0 0 0 0 0 0 
Germany 100.00 0 0 0 0 0 0 0 0 0 0 0 
Greece 70.85 8.21 20.01 12.20 9.29 3.11 4.56 2.20 3.32 14.41 10.25 9.96 
Hungary 52.21 16.80 6.80 13.29 12.53 0 0 22.20 26.90 17.70 10.54 7.89 
Ireland 54.29 22.21 22.21 9.25 8.22 3.20 2.11 3.41 8.12 11.24 12.14 9.46 
Italy 74.42 6.31 25.12 9.15 5.21 1.18 4.12 0 5.21 10.35 8.85 12.54 
Latvia 63.25 36.69 19.69 19.11 17.2 0 0 0 3.50 12.60 13.20 9.20 
Lithuania 59.56 29.20 29.20 15.50 14.20 16.92 0 17.70 3.90 0 14.80 13.40 
Luxembourg 67.21 18.80 15.80 8.90 5.80 19.30 3.28 4.57 11.60 19.10 0 10.60 
Malta 61.58 31.05 11.05 33.26 18.80 0 1.29 2.36 3.33 2.23 1.02 1.14 
Netherlands 100.00 0 0 0 0 0 0 0 0 0 0 0 
Poland 55.05 44.80 44.80 12.25 11.90 5.16 13.50 10 0 29.80 21.60 24.70 
Portugal 47.10 14.25 24.50 5.41 12.50 4.18 17.20 13.80 7.51 5.27 12.30 14.40 
Romania 53.68 17.21 27.45 32.25 14.15 2.10 18.80 0 0 12.10 7.11 4.48 
Slovakia 50.96 21.25 54.00 19.25 16.40 0 16.21 14.40 0 17.10 19.20 5.24 
Slovenia 50.54 9.25 34.65 20.30 13.30 1.80 9.90 0 0 25.0 28.90 25.50 
Spain 84.12 15.96 15.96 1.21 5.16 0 5.51 3.16 4.18 4.48 12.10 8.08 
Sweden 100.00 0 0 0 0 0 0 0 0 0 0 0 
Turkey 66.22 7.85 35.66 21.25 10.21 6.18 8.89 2.21 1.32 11.41 10.15 6.56 
U.K. 79.31 17.80 17.80 6.91 18.50 19.40 0 0 0 23.70 25.10 34.00 

 
 

CONCLUSION 
 

This paper studies the level of technical 
efficiency of production and environmental 
management in the agricultural sector. The 
technique used is on a non-parametric frontier 
method. When output oriented efficiency is to be 
measured, desirable and undesirable outputs cannot 
be used together due to the maximization of both 
outputs. Therefore it is necessary to design and 
evaluate a new index in order to measure the 
technical efficiency of production and 

environmental management, which can then be 
used with the existing software. In order to 
accomplish this, a new index was produced by 
changing the place of the numerator and 
denominator for undesirable outputs (CO2 
emissions). 

The countries analysed have a medium-high 
technical efficiency level for value of agricultural 
production, medium-low level for CO2 emissions, 
and medium-level for multi-output. It was also 
found that the countries that are technically most 



by PSP Volume 25 – No 1/ 2016, pages 240-248  Fresenius Environmental Bulletin    


247 




efficient were those which produce subject to 
Constant returns to scale. 

As a conclusion, in order for the countries to 
reach optimal levels of production while controlling 
both value of agricultural production and CO2 
emissions, they must reduce their energy 
consumption by 11.51%, capital by 8.83%, cattle 
population by 3.67%, fungicide and bactericide use 
by 4.57%, herbicide use by 4.41%, insecticide use 
by 5.04%, and nitrogen, phosphate and potassium 
fertilizer consumptions by 11.87%, 10.59%, and 
10.34%, respectively. With the purpose of 20-20-20 
strategy, we determined that CO2 emission and 
energy consumption can be reduced by 19.62% and 
11.51%. It goes without saying that, in this case, 
countries can adjust their inputs without impacting 
value of agricultural production, while reducing 
their emissions. In a study carried out in Spain, it 
has been shown that reducing the environmental 
pressure would not affect the economic 
performance [13]. Agricultural land and population 
are parameters influenced by long term policies, 
and hence have been used as uncontrolled inputs in 
this study. Because of this, no improvement due to 
these parameters have been investigated.  

The efficiency scores calculated in this study 
display similarities with the scores calculated by 
different models in different studies. Therefore, a 
simple index (1/undesirable output) can be utilized 
in DEA calculations and software and this index 
can be added to the minimized and maximized 
efficiency calculations. 
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ABSTRACT 

 
Due to its repeatability and reliability, the 

piezocone penetration test (PCPT or CPTu) is widely 
used in geotechnical site characterization. This paper 
presents a numerical technique for the analysis of the 
PCPT in cohesive soil. The Mohr-Coulomb yield 
criterion with the associated flow rule is assumed to 
model the elasto-plastic behavior of clays under 
undrained condition. A volumetric weighting 
algorithm adjusts the relative positions of nodes after 
each loading increment. The variation of the cone 
resistance is examined in relation to various 
parameters such as the in situ stress state, cone apex 
angle and penetration rate. For different penetration 
rates and cone sizes, the cone tip resistance profile 
and excess pore pressure profile are provided. A full 
parametric study was undertaken, quantifying the 
influences of the rigidity index, in situ stress 
anisotropy and the cone roughness. The trends of 
these variations are highlighted and compared with 
those found by other researchers. This technique can 
be extended to analyze the plastic behavior of 
elastoplastic sands often modelled using either the 
Drucker–Prager yield criterion or a critical state 
model. The results show this study would provide 
some useful insights into the factors affecting the 
data interpretation of PCPT in clays. 
 
KEYWORDS: Piezocone; clays 
 
 

INTRODUCTION 
 

Cone penetration test (CPT) is one of the most 
popular in-situ testing methods used to investigate the 
soil properties [1, 2]. Essentially, the device 
comprises a pushing penetrometer with a standard 
geometry (cylindrical with a diameter of 35.7 mm 
and a conical point with an apex angle of 60o) that is 
pushed into the soil at a rate of 20 mm/s, while 
measures a number of parameters. It has been 

increasingly used because of its important 
advantages, such as simplicity, speed and continuous 
profiling [3, 4, 5]. The piezocone penetration test 
(PCPT or CPTu) is an extension of the CPT and is 
able to measure cone tip resistance, sleeve friction 
and generated pore-water pressures simultaneously. 
The PCPT data are affected by many variables [6, 7, 
8, 9, 10], including piezocone design, geometric size, 
rate of penetration, testing procedures and soil 
characteristics. More importantly, some factors that 
affect measurements are significant. It calls for the 
research to be continued and different methods, 
including the numerical analysis, may be applied. A 
group of researchers [11, 12, 13, 14] have 
investigated the penetration problem using the finite-
element technique. Teh and Houlsby [15] proposed a 
combination of the strain path method with the finite-
element technique to analyze the piezocone 
penetration test. The finite-element technique has 
many advantages over the other methods: (1) the 
piezocone geometry can be properly modeled; (2) the 
equilibrium equations are fully satisfied; and (3) The 
soil-piezocone interface friction can be addressed. 
The current finite-element models assume an existing 
prebored cone hole with the surrounding in situ 
stresses remaining unchanged. The incremental 
vertical displacements are then applied to simulate 
the continuous penetration. Finite-element analysis 
shows that small penetrations can develop high soil 
stresses around the piezocone shaft and tip [13]. The 
developed high soil stresses around the tip will 
influence the penetration resistance of the piezocone, 
resulting in higher cone penetration pressures than 
are predicted assuming a prebored piezocone hole 
[15]. 

The finite element method, besides the methods 
based on semi-empirical approaches, bearing 
capacity models, cavity expansion theory and strain 
path methods, has been used and become an 
important method to analyze the complex cone 
penetration mechanism considering the influence 
factors [16, 17]. The purpose of this paper, therefore, 
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is to present a numerical technique for the analysis of 
the piezocone penetration test in cohesive soil. The 
Mohr-Coulomb yield criterion with the associated 
flow rule is assumed to model the elasto-plastic 
behavior of clays under undrained condition. The 
variation of the cone resistance is examined in 
relation to various parameters such as the in situ 
stress state (Ko), cone apex angle and the penetration 
rate. For different factors of penetration rate and cone 
size, the cone tip resistance profile and excess pore 
pressure profile are provided. The trends of these 
variations are highlighted and compared with those 
found by other researchers. The results show this 
study would provide some useful insights into the 
factors affecting the data interpretation of PCPT in 
clays.  
 
 

FINITE-ELEMENT MODELING 
 

To determine soil properties from measured 
piezocone data, it is necessary to establish some 
relationships among them. For this purpose, much 
previous work has focused on cone-penetration 
analysis over the past two decades. The difficulties 
lie in the complicated deformation of the soil, which 
results from the punching of the penetrometer, as 
well as the complex interfacial behavior. Rigorous 
closed form solutions are not available for 
penetration problems, and analyses are often based 
on simplified theories. One approach treats the 

steady-state penetration of the cone as a limit 
equilibrium problem of a circular footing, and 
proposes correlations based on its bearing capacity. 
The applicability of correlations of this type is 
limited due to the assumption that soil 
compressibility and elastic deformation are neglible. 
Another type of correlation often used in practice is 
based on the solutions of cavity expansion theory. 
This approach includes parameters related to soil 
deformation, and is therefore more flexible for 
applications. Several approaches have been proposed 
to analyze and interpret the deep piezocone 
penetration problem. The first approach is based on 
the bearing capacity theory, in which penetration is 
considered as a simple failure of a rigid plastic 
material. In the second approach, the penetration 
problem is analyzed using the cavity expansion 
theories in elasto-plastic materials. The third 
approach is based on the strain path method, in which 
the penetration process is treated as a strain 
controlled problem. 

Small strain finite-element analyses of PCPT 
were carried out using the finite-element program 
PLAXIS (PLAXIS 1998). PLAXIS Version 7.0 was 
used for the initial cases with isotropic soil strengths, 
while Version 8.0, which can incorporate user-
defined constitutive models, was used to explore 
strength anisotropy and strain softening. The finite 
element mesh as well as the boundary condition is 
presented in Figure 1.  
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FIGURE 1 
Finite element meshes used for Plaxis analyses: (a) fine mesh; (b) ultrafine mesh 

In PLAXIS, all boundaries must have one 
boundary condition in each direction. When no 
explicit boundary condition is given to a certain 
boundary (a free boundary), the natural condition 
applies, which is a prescribed force equal to a zero 
and a free displacement.  

To avoid the situation where the displacements 
of the geometry are undetermined, some points of the 
geometry must have prescribed displacements. The 
form of a prescribed displacement is a fixity (zero 
displacement), but non-zero prescribed displacements 
may also be given. As a result PLAXIS generates a 
full fixity at the base of the geometry and roller 
conditions at the vertical sides (ux=0; uy=free). A 
fixity in a certain direction appears on the screen as 
two parallel lines perpendicular to the fixed direction. 
Hence, roller supports appear as two vertical parallel 
lines and full fixity appears as crosshatched lines. 

Meshes of differing refinement were 
investigated, with example “fine” and “ultrafine” 

meshes illustrated in Figure 1. The latter was used for 
strain-softening cases. The piezocone penetration 
analysis is treated as an axi-symmetric boundary 
value problem with the need of changing the 
boundary conditions as the piezocone penetrometer 
advances. The penetrometer is assumed to be 
infinitely stiff and no tensile stresses are allowed to 
develop along the centerline boundaries. The 
continuous penetration of the piezocone was 
simulated by applying an incremental vertical 
displacement at the nodes representing the piezocone 
boundary. The Mohr-Coulomb frictional model is 
used to define the sliding potential between the cone 
surface and the soil. The soil-penetrometer interface 
friction coefficient =tan(δ). δ=14o and it is the 
friction angle between the soil and the piezocone 
surface. So,  is taken to be 0.25. Table 1 gives the 
mechanical parameters of the clay soil as well as the 
cone body and consolidation parameters.  

(a)       (b) 
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TABLE 1  
The mechanical parameters of the clay soil as well as the cone body  

 
Parameters Cone body Clay soil 

E 200 GPa 30 MPa 
 0.30 0.49 

Cc  0.13 
Cs  0.022 
k  1.0×10-9 m/s 

Note: Young’s modulus, E; Poisson’s Ratio, ; Compression Index, Cc; Recompression Index, Cs; Permeability, k. 
 

 
The cone body is assumed to be elastic with 

Young’s modulus of 200 GPa and Poisson’s ratio of 
0.3. The cone surface is smoothed, with the 
smoothing parameter 1/6. The cone-soil interface is 
assumed to be smooth along the cone rod. 
 
 

CONTACT INTERFACE 
 

This section will describe how this simulation 
establishes contact and calculates the resulting 
deformation in the model. It is extremely important to 
set up the governing equations of the interaction 
between the lateral surface of the penetrometer and 
the soil [18]. This purpose can be achieved by using 
interface elements. The most commonly used 
interface elements can be grouped into three main 
classes; namely the zero-thickness interface elements, 
thin-layer interface elements and the constraint 
approach. In this paper, the penetrometer is assumed 
to be a rigid body and the surrounding soil is 
deformable. The interaction occurs between these 
two bodies in terms of two surfaces that may interact. 

The lateral surface of the penetrometer is called 
"master surface" which is rigid. The soil surface is 
called "slave surface" which is deformable. The 
nodes on the slave surface are constrained not to 
penetrate into the master surface; however, the nodes 
of the master surface can, in principle, penetrate into 
the slave surface. After this contact pair is defined, a 
family of contact elements is automatically 
generated. At each integration point, these elements 
construct series measures of clearance and relative 
shear sliding. These kinematic measures are then 
used, together with appropriate Lagrange multiplier 
techniques, to introduce surface interaction theories. 
The interaction simulation consists of two 
components: one normal to the surfaces and one 
tangential to the surfaces [19]. 

A pure master-slave relationship is used to 
model contact between two surfaces [20]. In this 
work, the steel cone was chosen as the master and the 
soil as the slave. Nodes of the master surface can 
penetrate the slave surface, but not vice versa. It is 
believed that this algorithm gives a relatively 
accurate solution for cone penetration. A balanced 
master-slave model, which completely prohibits 
penetration, was not chosen to avoid very expensive 
calculation. Penetration of the master into the slave 
surface is minimized by refining the mesh of the 
slave. The present model uses a kinematic, 
predictor/corrector contact algorithm as opposed to a 
penalty method, which has a weaker enforcement of 
contact constraints. In the kinematic 
predictor/corrector algorithm, the resisting force is 
based on the depth of a slave node’s penetration, the 
mass associated with the penetration, and the time 
increment [19]. The resisting forces of all slave nodes 
are distributed to the nodes on the master surface. 
The mass of the slave nodes is also distributed to the 
master surface nodes. The total inertial mass of the 
contacting surfaces can be calculated from the 
additional node mass of the slave and master surfaces 
[19]. 

The contact interface is modelled in such a way 
that it will not transmit contact pressure in either the 
normal or tangential direction unless the nodes of the 
slave surface contact the master surface. The 
magnitude of the transmitted contact pressure is not 
limited. Transfer of tensile stress is not allowed 
across the interface. For the tangential direction, the 
classical isotropic Coulomb friction model without a 
cap was chosen. The coefficient of interface friction 
is assumed to be a function of the angle of internal 
friction and the value is maintained constant 
throughout an analysis. 

For tracking contact nodes, this analysis uses a 
“finite sliding algorithm” to ensure correct pairing of 
nodes and elements of master and slave surfaces. 
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This algorithm can guarantee better quality results 
compared to a “small sliding algorithm”. The finite 
sliding algorithm tracks and pairs node and element 
pairs between master and slave surfaces until the 
calculation stops. By contrast, a small sliding 
algorithm would have tracked and paired node and 
element pairs only at the beginning of the first step 
[19]. 
  
 

CONSTITUTIVE SOIL MODEL AND SOIL 
PROPERTIES 

 
The word soil actually implies a mixture 

because the voids of soil skeleton are generally filled 
with water and air or gas [18]. Hence, soil in general 
can be considered as a multiphase material whose 
state can be described by the stresses and 
displacements (or velocities) within each phase. The 
stresses carried by the soil skeleton are 
conventionally called "effective stress", and the parts 
carried by water are called "pore water pressures". If 
the free drainage condition holds, the steady state 
pore water pressure depends only on the hydraulic 
conditions and is independent of the soil skeleton 
response to external loads. In this case, the soil 
behavior can be described in a single phase way. The 
same description can be applied to the soil if no 
drainage condition prevails. However, in an 
intermediate case, in which some flow can take place, 
there is an interaction between the skeleton strains 
and the pore water flow. The solution of these 
problems requires that the soil behavior be analyzed 
by incorporating the effect of the transient flow of the 
pore water through the voids and the stress-strain 
behavior of soils. Therefore, a multiphase continuum 
formulation is required for porous media. In this 
research, it is assumed the soil is fully saturated and 
is treated as a two-phase problem. 

The equilibrium equation for porous media can 
be derived from the principle of effective stress. The 
porous media here will be approximately modeled by 
attaching the finite element mesh to the solid phase. 
The liquid can flow through this mesh. A continuity 
equation is, therefore, required for the liquid, 
equating the rate of increase in liquid mass stored at a 
point to the rate of mass of liquid flowing into the 
point within the time increment. The liquid flow is 
assumed to obey Darcy's law. The continuity 
equation is satisfied approximately in the finite 
element model by using excess pore pressure as 
nodal variables, interpolated over the elements. The 
equation is integrated in time by using the backward 
Euler approximation. The total derivative of this 
integrated variational statement of continuity with 
respect to the nodal variables is required for the 
Newton iterations used to solve the nonlinear, 
coupled, equilibrium and continuity equations. 

In the piezocone penetration test (PCPT), the 
area close to the cone tip is under very large strain 
[20]. It is always in a yield (plastic) condition. 
Therefore, it is essential to model the soil with a 
nonlinear soil constitutive model. For this work, an 
elastic-plastic model was chosen. In the elastic-
plastic model, soil modulus is characterized by 4 
components: (1) The elastic parameters that 
determine deformation in the elastic region. (2) A 
yield criterion that describes the stress state necessary 
for plastic deformation. (3) A hardening rule that 
defines how the material’s resistance to further yield 
changes with increasing strain. (4) A flow rule that 
characterizes the incremental plastic strains as a 
function of stresses. 

A large number of constitutive models exist for 
different soils [21]. Some authors gave the FEM 
simulation of cone penetration using different soil 
models shown in Table 2.  
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TABLE 2  
Summary of different soil constitutive models in the FEM simulation 

 
Authors Constitutive model Flow rule Soils References 

Markauskas Elastic-perfectly plastic 
uncompressible Mises material  Undrained clay [22] 

Endra Drucker-Prager constitutive model Non-associated Sand [20] 
Abu-Farsakh Modified Cam clay model  Clay [10, 13] 

Lu Q Tresca yield criterion  Clay [23] 
Lei Wei Anisotropic Modified Cam Clay Model Non-associated Clay [18] 
Huang Mohr-Coulomb criterion  Sand [21] 

Ahmadi Mohr-Coulomb elastic-plastic material  Sand [24] 
Walker Von Mises yield criterion Associated Clay [25] 
Walker Drucker-Prager failure criterion Associated Clay [26] 

 
 

To capture as many aspects of soil behavior as 
possible, some of these are very sophisticated and 
involve lots of parameters. However, in engineering 
practice, simple models are often sufficient as only 
the key features of soil behavior are of importance. In 
this study, a simple elasto-perfectly plastic model 
with the Mohr-Coulomb yield criterion is used to 
describe the behavior of a cohesive soil. The elastic 
deformation is described by the elastic modulus E (or 
the shear modulus G) and the Poisson’s ratio, while 
the plastic deformation is characterized by the 
friction angle, the dilation angle and the cohesion. A 
non-associated flow rule is used to simulate the 

dilatant behavior of the soil. Loading and unloading 
within the current yield surface are assumed elastic 
(defined by a separate modulus, Eur), and the Mohr–
Coulomb failure criterion is employed. Specification 
of the peak dilation angle (ψ) and friction angle (φ) 
defines the critical-state friction angle (φcv). The clay 
under undrained condition modelled as elasto-
perfectly plastic uncompressible material with elastic 
parameters Young's modulus E = 30 MPa, Poisson's 
ratio  = 0.49 and the undrained shear strength Su = 20 
kPa is considered in PCPT. Table 3 presents a 
summary of the input parameters for FEM analysis.  

 
 

TABLE 3   
Input Parameters of the FEM Simulation 

 
Parameters Quantity 

Friction angle 23° 
Dilation angle 0° 

Slope of critical line, M  1.1 
Initial void ratio 1.2 

Unit weight of water 9.8 KN/m3 
Effective unit weight 5.7 KN/m3 
Harding parameter c 0.04 
Harding parameter x 2.2 

 
The initial stress state can be obtained by 

changing in situ horizontal effective stress. 
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RESULTS OF THE NUMERICAL 
SIMULATION 

 
Cone penetration was imposed by applying 

positive volumetric strain to the spherical soil cluster, 
and the cavity pressure–radial displacement variation 
during expansion was deduced by selecting and 
averaging the output from appropriate nodes and 
Gauss points. The procedure, as required by 
PLAXIS, involved three steps: 

(a) ‘input’, including mesh set-up and initial stress 
generation; 

(b) ‘calculation’, including definition of 
calculation phases and selection of nodes and stress 
points for output; 

(c) ‘output’, involving extraction of the output 
using the PLAXIS curve program and subsequent 
post-processing to generate pressure–expansion 
curves and determine cone tip resistance and sleeve 
friction. The cone penetrometer steady-state 
resistance could then be derived from the relationship 
proposed by Randolph [27]. Coupled-consolidation, 
updated Lagrangian finite-element analyses were 
performed to study the effects of partial consolidation 
during cone penetration on the cone tip resistances 
and excess pore pressures. The effects of pore 
pressure generation and dissipation on the cone 
response caused by different penetration rates 
spanning the fully drained to fully undrained 
conditions were examined by the effective-stress-

based finite-element method. The effect of 
penetrometer size can be accounted for by using non-
dimensional and normalised quantities to present and 
interpret the results. 

For each different initial stress state, vertical 
penetration analysis was performed. Kiousis et al. [8] 
reported a steady state about tip resistance that is 
almost reached when the penetration depth is about 
2/3 the radius of the cone. In this study, the 
penetration depth of the penetrometer into the soil 
was chosen to be 20 mm, which is a little bit larger 
than the radius of the penetrometer (17.8 mm). If the 
penetration distance is too long, the soil elements 
may be distorted too much and fail to yield accurate 
results. For the consideration of stress concentration 
besides of the cone, the updated Lagrangian (UL) 
formulation with logarithmic strains was used in this 
study. This approach could still result in severe 
element distortions in the soil–cone vicinity, but 
these were controlled by modifying the mesh density 
and element aspect ratio in the vicinity of the cone by 
way of a trial-and-error process. 

 
Tip resistance profiles. The tip resistance for 

vertical penetration is defined as the vertical force 
acting on the tip of the penetrometer divided by the 
projected area of the tip (10 cm2). This projected area 
of the tip is related only to the geometry of the 
penetrometer. Figure 2 shows the tip resistance 
profiles for each Ko value.  
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FIGURE 2  

Tip resistance profiles at different Ko values 
 
 

Here, the Ko is defined as the coefficient of 
lateral earth pressure (ratio of effective stresses, i.e., 
Ko = σho/σvo). For Ko = 1, the initial stress state is 

isotropic. The tip resistance value at about 45 mm 
penetration depth for each different Ko are compared 
in Figure 3. 
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FIGURE 3  
Comparison of steady-state tip resistance for different Ko values (σvo = 100 kPa) 

 
 

As can be seen from both Figure 2 and Figure 3, 
the tip resistance is strongly affected by the initial 
stress state. The higher the initial stresses are, the 
higher the tip resistance will be. It should be noted 
that this trend is observed based on a constant initial 
vertical stress (σvo = 100 kPa), in which condition a 
higher Ko value means a higher initial stress state. For 
vertical penetration, the tip resistance increases from 

0.30 MPa to 0.45 MPa when Ko increases from 0.4 to 
1.4.  

 
Sleeve Friction Profiles. The sleeve friction is 

defined as the total shear force in the penetration 
direction divided by the sleeve surface area (150 
cm2). Figure 4 shows the sleeve friction profiles for 
different Ko values.  
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FIGURE 4  
Sleeve friction profiles at different Ko values 

 
 

Obviously, at the penetration depth of 45 mm, a 
steady state for the sleeve friction still has not been 
reached. However, when the penetration distances are 
large, severe mesh distortions happen in zones of 
high strain concentrations around the cone tip, which 
lead to a severe loss of accuracy and numerical 
divergence. Therefore, the simulated penetration 
depth in this study was limited to 45 mm. The 
standard penetrometer has a sleeve friction area of 

150 cm2, which corresponds to a friction sleeve 
length of 134 mm. Since the penetration distance is 
only 30% of the friction sleeve length, one expects 
most of the normal and shear stresses on the sleeve 
have not been fully mobilized with such a short 
penetration distance as compared to the friction 
sleeve length. The sleeve friction values at 
penetration depth of 45 mm for different Ko values 
are presented in Figure 5. 
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FIGURE 5  

Comparison of sleeve friction for different Ko values (σvo = 100 kPa) 
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As can be seen from both Figure 4 and Figure 5, 
the sleeve friction is affected by the initial stress 
state. The higher the initial stresses are, the higher the 
sleeve friction will be. It should be noted that this 
trend is observed based on a constant initial vertical 
stress (σvo = 100 kPa), in which condition a higher Ko 
value means a higher initial stress state. For vertical 
penetration, the sleeve friction increases from 0.23 
MPa to 0.26 MPa when Ko increases from 0.4 to 1.4.  

 

Pore water pressure profiles. One important 
aspect of the piezocone that has not yet been 
standardized is the location of the porous element [28, 
29, 30]. The piezocones used in the current practice 
have three common locations for the porous 
elements: (1) at the cone tip (u1 configuration), 
generally mid-way for 10 or 15 cm2 cones and the 
very tip for mini-cones, (2) 0.5 mm above the base of 
the cone (u2 configuration), and (3) behind the 
friction sleeve (u3 configuration), as illustrated in 
Figure 6.  

 

 
 

FIGURE 6  
Schematic showing common locations of porous filter element 

 
The u2 configuration at the cone shoulder is 

utilized in this study. Figure 7 shows the pore 
pressure u2 profiles for each Ko value.  
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FIGURE 7 
Pore pressure u2 profiles at different Ko values 

The pore pressure u2 almost reaches the steady 
state value at about 20 mm penetration depth, which 
is less than the steady state distance of tip resistance. 

These steady state values for each different Ko values 
are compared in Figure 8. 
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FIGURE 8  
Comparison of steady-state pore pressure u2 for different Ko values (σvo = 100 kPa) 

As can be seen from both Figure 7 and Figure 8, 
the pore pressure u2 is strongly affected by the initial 
stress state. The higher the initial stresses are, the 

higher the tip pore pressure will be. It should be 
noted that this trend is observed based on a constant 
initial vertical stress (σvo=100 kPa) in which 
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condition a higher Ko value means a higher initial 
stress state. For vertical penetration, the pore pressure 
increases from 56 kPa to 109 kPa when Ko increases 
from 0.4 to 1.4. 

ANALYSIS OF FACTORS AFFECTING 
PCPT MEASUREMENT 

Effect of cone size. The effect of scale size on 
penetration testing was examined by comparing 
results from different cone size penetrometers. The 

piezocone with different cross-sectional area (Ac) of 
1, 5, 10, 15, 20, and 30 cm2 were facilitated by the 
numerical simulation. The cone tip resistance profiles 
at about 45 mm penetration depth for each different 
cone area are compared in Figure 9.  
Cone resistance increases as the cone area decreases.  
Results of some field cone penetration tests indicated 
that the cone size may have had some minor effect on 
the recorded parameters [31].  

As can be seen from Figure 10, the cone tip 
resistance is strongly affected by the cross-sectional 
area.  
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Comparison of cone tip resistance profiles at different cross-sectional area 
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FIGURE 10  
Effect of cone cross-sectional area on tip resistance (σvo = 100 kPa) 

The higher the cross-sectional area is, the 
lower the cone tip resistance will be. It should be 
noted that this trend is observed based on a constant 
initial vertical stress (σvo = 100 kPa), in which 
condition a higher Ko value means a higher initial 
stress state. For vertical penetration at the standard 20 
mm/s rate, the cone tip resistance increases from 0.40 

MPa to 0.55 MPa when the cross-sectional area 
decreases from 30 to 1 cm2.  

The piezocone with different sleeve friction area 
(As) of 10, 50, 100, 150, 200, and 300 cm2 were 
facilitated by the numerical simulation. The sleeve 
friction profiles at about 45 mm penetration depth for 
each different cone sleeve friction are compared in 
Figure 11.  
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FIGURE 11  
Comparison of sleeve friction profiles at different sleeve friction area 



by PSP Volume 25 – No 1/ 2016, pages 249-274   Fresenius Environmental Bulletin    
 

263 
 

 

Sleeve friction increases as the sleeve friction 
area decreases. Results of some field cone 
penetration tests indicated that the cone size may 

have had some minor effect on the recorded 
parameters [31].  

As can be seen from Figure 12, the sleeve 
friction is affected by the sleeve friction area.  
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FIGURE 12  
Effect of the sleeve friction area on sleeve friction (σvo = 100 kPa) 

 
 

The higher the cross-sectional area is, the lower 
the cone tip resistance will be. It should be noted that 
this trend is observed based on a constant initial 
vertical stress (σvo=100 kPa), in which condition a 
higher Ko value means a higher initial stress state. For 
vertical penetration, the sleeve friction increases from 
0.241 MPa to 0.257 MPa when Ac decreases from 
300 to 10 cm2.  

The cone with a cone apex angle of 18, 30, 60, 
90, 120, and 180º were facilitated by the numerical 
simulation. To simulate the experimental setup of the 

tests, the cone is initially in contact with the 
weightless soil. A pressure load is then applied to the 
soil top surface, while the cone is allowed to settle 
vertically with the soil. This step is used to establish 
an initial stress field in the soil that is in equilibrium 
with the boundary conditions. Once the initial 
stresses are set up, all displacements in the soil and 
the cone are set to zero. The cone is then pushed 
down in the soil by prescribing a vertical 
displacement of 50 mm at the cone tip. The cone tip 
resistance values with depth are shown in Figure 13.  
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FIGURE 13  
Comparison of predicted cone tip resistance values with depth (σvo = 200 kPa) 

 
 

Figure 14 illustrates the effects of the increased 
cone apex angle with the cone resistance showing 
some overall increase.  
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FIGURE 14  
Effect of the cone angle on cone tip resistance (σvo = 200 kPa) 

 
 

As can be seen from Figure 14, the cone tip 
resistance is affected by the cone apex angle. The 

higher the cone apex angle is, the higher the cone tip 
resistance will be. It should be noted that this trend is 
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observed based on a constant initial vertical stress 
(σvo = 200 kPa), in which condition a higher Ko value 
means a higher initial stress state. For vertical 
penetration, the sleeve friction increases from 0.241 
MPa to 0.257 MPa when cone apex angle increases 
from 18 to 180°. 

 
Effect of cone penetration rate. Rate effects 

can be significant for CPT results in soil. The effect 
of penetration rate on the cone resistance is obvious. 
A number of studies have considered rate effects in 
CPT testing for both clays and sands [32, 33, 34, 35, 
36, 37, 38, 39, 40]. Results of some field cone 
penetration tests indicated that cone resistance 
increases and excess pore pressure drops as the 
penetration rate decreases [34], and recent centrifuge 
test results showed that the increase in cone 
resistance was due to enhanced drainage [36, 37, 41]. 
Silva et al. [38] presented a set of numerical analyses 
investigating the effect of penetration rate on 

piezocone test results in clay. A coupled cavity 
expansion finite element method was used to 
simulate the penetration of a piezocone. The rate of 
cavity expansion was linked to the penetration rate of 
the cone and the cone angle, using the assumption 
that the deformation was wholly radial, and took 
place only between the cone tip and the cone 
shoulder. 

The PCPTs were performed at seven different 
penetration rates, which range from 200 to 0.02 mm/s 
(0.02 mm/s，0.2 mm/s，2 mm/s，5 mm/s，10 
mm/s ， 20 mm/s ， 200 mm/s) in the clays. 
Additionally, only soil layers located below the 
groundwater level were considered, so that the data 
are for fully saturated conditions. Average values of 
cone tip resistance, pore pressure (u2), and sleeve 
friction versus cone penetration rate are shown in 
Figure 15.  
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FIGURE 15  
Effect of penetration rate on cone tip resistance, pore pressure and sleeve friction (σvo =100 kPa) 

 
 

For penetration rates in the range between 200 
and 0.2 mm/s, penetration seems to occur under 
undrained conditions. The average cone tip resistance 
for a penetration rate between 10 and 0.2 mm/s was 
about 0.49 MPa. As penetration rate was reduced to 
0.02 mm/s, the average cone tip resistance increased 
abruptly to 0.8 MPa. If we compare the cone tip 
resistance profiles with the corresponding excess 

pore pressure profiles, it is clear that the main reason 
for the increase in cone resistance with decreasing 
penetration rate is the change in drainage conditions. 
The excess pore pressure decreased from an average 
of 195 kPa for penetration rates in the range between 
0.2 and 200 mm/s to about 100 kPa for v = 0.02 
mm/s. It has been stated that the sleeve friction 
measurement of a cone does not give consistent 
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results during cone penetration [42]. The values of 
sleeve friction increased as the cone velocity 
decreased. However, it can be seen from Figure 15(c) 
this tendency was not evident. 

Loading rate effects (which may be attributed to 
soil “viscosity”) were studied by several researchers 
[43, 44, 45]. It is known that the shear strength of 
clay increases with loading rate; however, only a 
small increase in the shear strength of sand is 
observed with changes in the loading rate. O’Reilly et 
al. [45] performed a series of undrained triaxial 
compression tests at various strain rates and showed 
that, for the soil they studied (silty clay), the strength 
increased 15% for every tenfold increase in strain 
rate. 

Increases in cone resistance due to increases in 
penetration rate have been reported by [35, 46] for 
field and calibration chamber CPTs performed under 
undrained conditions (at fast penetration rates). Since 
cone resistance is directly related to the undrained 
shear strength su of the clay, the same loading rate 
effects observed in the laboratory for Su can be 
expected to influence qt measurements. Accordingly, 
cone resistance measured under undrained conditions 
is expected to increase as a result of the increase in Su 
caused by penetration rate increases. Miniature cone 
test results reported by Tani and Craig [46] showed 
that cone resistance increased by 10% for every 
tenfold increase in the penetration rate range between 
0.1 and 5 mm/s on clay till soils. Powell and 
Quarterman [35] also reported a 10% increase of 
cone resistance measured in field CPTs in clay for an 
increase in penetration rate from 1.7 to 16.7 mm/s. 
CPTs performed under undrained conditions (0.2–
200 mm/s) for the clay showed viscous effects at high 
penetration rates (Figure 15). The average qt at 200 
mm/s was 0.55 MPa, 15% higher than qt (qt = 0.48 
MPa) at 2 mm/s.   

 
 

PARAMETRIC STUDY 
 

A full parametric study has been undertaken, 
quantifying the influences of the rigidity index, in 
situ stress anisotropy and the cone roughness. A 
theoretical correlation for the cone factor, Nkt, is 
developed from this study, and compared with 

previous correlations developed using the strain path 
method [23].  

In saturated clays and other fine-grained soils, 
the test is carried out at a penetration rate that does 
not permit drainage, and the cone resistance may then 
be interpreted directly as a measure of the undrained 
shear strength of the clay. Conventionally, the shear 
strength is derived by dividing the (net) cone 
resistance by a cone factor and, ideally, it would be 
helpful to have a sound theoretical basis for this cone 
factor.  

0vuktc SNq                                      (1) 
In practical applications, it may still be 

appropriate to establish an empirical cone factor, for 
example by correlating the cone resistance with shear 
strengths determined in the laboratory or with an 
alternative in situ device. Typical ranges of cone 
factor, Nkt (see later, equation (3)) may be found in 
the literature [2], and can range from as low as 6 to 
over 20, but more commonly are in the range 9–17, 
with the shear strength measured in triaxial 
compression generally used to normalize the cone 
resistance. In principle, comparison of the 
empirically derived cone factor with the theoretical 
values for idealized soil provides additional 
information on the soil characteristics. Indeed, it may 
also be appropriate to adjust theoretical geotechnical 
design equations in a manner that is consistent with 
any difference between empirical and theoretical 
cone factors. 

 
Smooth conditions at the cone interface. In 

this section, the proposed numerical technique is 
applied to the cone penetration test in a weightless 
material. Sliding is allowed at the soil-penetrometer 
interface and no initial stress is imposed on the soil 
domain. In this case, the cone factor (Nkt) is defined 
as the net cone tip resistance (qnet) normalized by the 
undrained shear strength of the soil (Su). 

u

vc
kt S

qN 0
                                       (2) 

Figure 16 shows the evolution of the cone 
resistance as the cone penetrometer is pushed into 
three materials obeying the Drucker-Prager failure 
criterion.  
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FIGURE 16  

Evolution of cone resistance in clays with different rigidity indices 
 
 

It can be concluded from Figure 16, that it is not 
necessary to continue the analyses after a penetration 
depth of 12 diameters because a steady state 
condition has been reached. The depth required to 
achieve a steady state condition increases with Ir. 
These results show that a steady state condition is 
achieved after a penetration depth of approximately 8 

cone diameters in a Drucker-Prager material with an 
Ir of 100 and a steady state condition is achieved after 
a depth of approximately 12 cone diameters in a 
Drucker-Prager material with an Ir of 500. The final 
cone factors for the three different material 
stiffnesses are plotted on a logarithmic scale and are 
shown in Figure 17. 
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FIGURE 17  

Effect of the rigidity index on the cone factor 
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The labels in Figure 17 represent the cone 
factors at rigidity indices of 100, 300 and 500. The 
equation represents a fit to the numerical results. In 

order to validate these results, it is necessary to 
compare this equation with others, as shown in 
Figure 18.  
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FIGURE 18  

Comparison of the cone factors from different studies 
 
 

It can be seen that the result obtained using the 
proposed method agrees well with others. Of 
particular note is the extremely close agreement 
between the current work and Walker and Yu [25] 

novel method which cannot be seen on the graph 
because the results virtually coincide with each other. 
This is comparable to others in the literature and 
these are summarized in Table 4. 

 
 

TABLE 4  
Comparison of the cone factors 

 

Authors Ir 
100 300 500 

Walker and Yu [25] 9.50 11.71 12.75 
Vesic [47] 7.45 8.92 9.60 

Abu-Farsakh et al. [10] 10.74 12.72 13.64 
Baligh [48] 10.72 12.92 13.94 

Teh and Houlsby [15] 9.77 11.80 12.75 
Yu and Whittle [49] 11.14 13.34 14.36 

Lu [50] 10.77 12.53 13.34 
Yu and Mitchell [51] 9.54 11.74 12.76 

This paper 9.60 11.80 13.00 
 
 

Rough cone face and shaft. The investigation 
is extended to examine the effect of the roughness of 

the penetrometer on the cone factor. No special 
contact elements are needed because the explicit 
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algorithm can handle complicated contact conditions. 
The friction conditions at both the cone face-soil 
interface and the shaft-soil interface are identical. It is 
assumed that the soil sticks to the penetrometer until 
the shear stress at the interface equals a 
predetermined fraction of the shear strength of the 
soil. At this point the material is allowed to slide 
freely. The maximum shear stress that can be reached 
in a von Mises material is given by: 

3
2

max
us

                                                (3) 

where su is the undrained shear strength of the 
material under triaxial conditions. Interface friction is 
proportional to the roughness of the cone 

penetrometer itself. Hence, to simulate different 
levels of roughness the maximum permissible shear 
stress at the interface is varied. The fraction of 
permissible shear stress at the interface can be 
described by the following equation: 

max

int


                                                    (4) 

where int  is the permissible shear stress at the 
penetrometer-soil interface. 

The final cone factors for four different values 
of α (=0, 1/3, 0.5, 2/3) are presented in Figure 19 for 
three different rigidity indices (100, 300, 500). 
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FIGURE 19  

Effect of a rough cone and shaft on the cone factor 
 
 

It can be seen that the cone factor increases with 
friction at the interface. The four equations in Figure 
19 represent the trend lines of the data and it can be 
seen that for the range of values considered, the 
inclusion of friction at the interface increases the 
gradient of the trends. Whilst the gradient is constant 
if friction is included, the intercept of each trend line 
varies with a and a curve fitting analysis has shown 
that the intercepts adhere to the following trend 
Intercept =   1919.10026.0 rI                     (5) 

Hence the following relation is obtained for
3/23/1  cs . 

    1919.10026.0ln1907.2  rcsrc IIN 
                                                                                  (6) 
where cs  is the value of   at the penetrometer-soil 
interface. Many results in the literature use a linear 
term to describe the effect of the roughness of the 
penetrometer. However, the results in this paper show 
that this term is non-linear and dependent on Ir.  

The values are comparable to the other solutions 
listed in Table 5, although there are some outlying 
results, such as the values for a rough cone from van 
den Berg [11].  
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TABLE 5  
Comparison of cone factors derived using different methods 

 

Ir 

Cavity expansion Strain path 
Strain path 
and finite 
element 

Finite element method 

Ladanyi 
and 

Johnson 
[52] 

Baligh [48] Yu [53] Teh and Houlsby [15] Van den Berg 
[11] This paper 

S R S R S R S R S R S R S R 
50 6.5 8.5  15.9 8.5 13.8 8.5 10.5 8.4 10.8 9.5 13.8 8.6 10.2 

100 8.0 10.0  17.0 9.8 15.0 10.5 12.5 10.6 13.0   9.6 11.3 
150 8.3 10.3  17.2 10.1 15.2 10.9 12.9 10.9 13.9   10.5 11.8 
300 8.9 10.9  17.7 10.6 15.8 11.7 13.7 12.5 14.9   11.8 12.7 
500 9.6 11.6  18.2 11.2 16.4 12.7 14.7 14.4 16.8 12.0 17.5 13.0 13.9 
Note: S = Smooth, R = Rough. 

 
 

With both cone roughness and soil rigidity taken 
into consideration, the range from the present work is 
slightly narrower than the solutions by Yu [53], Teh 
& Houlsby [15] and van den Berg [11]. Closest 
agreement is with the solutions for a rough cone 
expressed in equation (5) obtained by Teh & Houlsby 
[15], using a pure strain path method but including a 
quasi-analytical term for the cone roughness [54, 55]. 

 
 

SUMMARY AND CONCLUSIONS 
 

In this paper, finite-element analyses were 
performed to analyze the effect of in situ stress state, 
cone size and  penetration rate on piezocone 
penetration test in clays, using the commercial finite-
element code PLAXIS. The saturated clay was 
modeled as a multiphase material and the effective 
stress principle was used to describe its behavior. A 
frictional contact interface utilizing Mohr-Coulomb’s 
theory was chosen to represent interactions between 
the surface of the cone and the soil. The variation of 
the cone resistance was examined in relation to 
various parameters such as the in situ stress state 
(Ko), cone size, cone apex angle, penetration rate and 
the material strength. For different penetration rate 
and cone size, the cone tip resistance profile and 
excess pore pressure profile are provided. A full 
parametric study has been undertaken, quantifying 
the influences of the rigidity index, in situ stress 
anisotropy and the cone roughness. The results show 
this study would provide some useful insights into 
the factors affecting the data interpretation of PCPT 

in clays. Based on this study, the following 
conclusions can be drawn: 

The initial stress state (Ko) affects the cone tip 
resistance, sleeve friction and the generated excess 
pore pressures; the higher the initial stresses, the 
higher the tip resistance and the excess pore 
pressures. The cone tip resistance is strongly affected 
by the cross-sectional area. The higher the cross-
sectional area is, the lower the cone tip resistance will 
be. The sleeve friction is affected by the sleeve 
friction area. The higher the cross-sectional area is, 
the lower the cone tip resistance will be. The higher 
the cone apex angle is, the higher the cone tip 
resistance will be. It should be noted that these trends 
are observed based on a constant initial vertical stress 
(σvo = 100 kPa). Rate effects can be significant for 
CPT results in soil. The effect of penetration rate on 
the cone resistance is obvious. The values of fs 
increased as the cone velocity decreased. However, 
this tendency was not evident. 

 
 

ACKNOWLEDGEMENTS 
 

Majority of the work presented in this paper was 
funded by the Foundation for the New Century 
Excellent Talents of China (NCET-13-0118), the 
Foundation of Jiangsu Province Outstanding Youth 
(Grant No. BK20140027) and the Foundation for the 
Author of National Excellent Doctoral Dissertation of 
PR China (Grant No. 201353). These financial 
supports are gratefully acknowledged. 
 



by PSP Volume 25 – No 1/ 2016, pages 249-274   Fresenius Environmental Bulletin    
 

272 
 

 

 
REFERENCES 

 
[1] Acar, Y.B.: Piezocone penetration in soft chesive 

soils. Fugro Post-Doctoral Fellowship Activity 
Report No. 4, Louisiana State University, pp. 81 
(1981) 

[2] Lunne, T.; Robertson, P.K.; Powell, J.J.M.: Cone 
penetration testing in geotechnical practice. 
Blackie Academic and Professional, London, pp. 
312 (1997) 

[3] Salgado, R.; Mitchell, J.K.; Jamiolkowski, M.: 
Cavity expansion and penetration resistance in 
sand. J Geotech Geoenviron Eng. 123(4), 344–
354 (1997) 

[4] Cai, G.J.; Liu, S.Y.; Tong, L.Y.; Du, G.Y.: 
Assessment of direct CPT and CPTU methods 
for predicting the ultimate bearing capacity of 
single piles. Eng Geol. 104(1), 211–222 (2009) 

[5] Cai, G.J.; Liu, S.Y.; Tong, L.Y.; Puppala, A.J.: 
Finite element analysis of some factors affecting 
piezocone penetration test (CPTU) in clays. In 
Proceedings of the International Symposium on 
Geomechanics and Geotechnics: From Micro to 
Macro (IS-Shanghai 2010), Oct. 10-12, 2010, 
Tongji University, Shanghai, China. Vol. 2, pp. 
781-788. (2010) 

[6] Tumay, M.T.; Acar, Y.B.: Pore pressures in 
piezocone penetration test (PCPT) in soft 
cohesive soils. Special Technical Publ. No. 833, 
Strength testing of marine sediments: 
Laboratory and in situ measurements, American 
Society of Testing and Materials, West 
Conshohocken, Pa., pp. 72–82 (1985) 

[7] Kiousis, P.D.: Large strain theory as applied to 
penetration mechanism in soils. Ph.D. 
Dissertation, Louisiana State University, pp. 98 
(1985) 

[8] Kiousis, P.D.; Voyiadjis, G.Z.; Tumay, M.T.: A 
large strain theory and its application in the 
analysis of the cone penetration mechanism. Int 
J Numer Analyt Meth Geomech. 2(1), 45–60 
(1988) 

[9] Kurup, P.U.; Voyiadjis, G.Z.; Tumay, M.T.: 
Calibration chamber studies of piezocone test in 
cohesive soils. J Geotech Engrg. 120(1), 81–107 
(1994) 

[10] Abu-Farsakh, M.Y.; Tumay, M.; Voyiadjis, G.Z.: 
Numerical parametric study of piezocone 
penetration test in clays. International Journal of 
Geomechanics. 3(2), 170–181 (2003) 

[11] Van den Berg, P.: Analysis of soil penetration, 
PhD Thesis, Delft University. (1994) 

[12] Voyiadjis, G.Z.; Abu-Farsakh, M.Y.: Coupled 
theory of mixtures for clayey soils. Journal of 
Computers and Geotechnics. 20(3), 195–222 
(1997) 

[13] Abu-Farsakh, M.Y.; Voyiadjis, G.Z.; Tumay, M.: 
Numerical analysis on the miniature piezocone 
penetration tests (PCPT) in clays. Int J Numer 
Analyt Meth Geomech. 22(8), 791–818 (1998) 

[14] Hu, Y.; Randolph, M.F.: A practical numerical 
approach for large deformation problems in soil. 
Int. J. Numer. Anal. Meth. Geomech. 22(5), 
327-350 (1998) 

[15] Teh, C.I.; Houlsby, G.T.: An analytical study of 
the cone penetration test in clay. Geotechnique. 
41(1), 17–34 (1991) 

[16] Zhou, L.; Deng, H.P.; Zhang, W.; Gao, Y.H.: 
Photodegradation of sulfamethoxazole and 
photolysis active species in water under UV-
VIS light irradiation. Fresenius Environmental 
Bulletin. 24(5), 1685–1691 (2015) 

[17] Kiurski, J.; Ranogajec, J.; Oros, I.; Zoric D.: 
Fired clay, an effective natural adsorbent for 
printing developer purifying. Fresenius 
Environmental Bulletin. 22(12), 3860–3864 
(2013) 

[18] Wei, L.; Abu-Farsakh, M.Y.; Tumay, M.T.: 
Finite-element analysis of inclined piezocone 
penetration test in clays. International Journal of 
Geomechanics. 5(3), 167–178 (2005) 

[19] Walker, J.; Yu, H.S.: Cone penetration analysis 
in cohesive-frictional materials. Proceedings of 
ISC-3 on Geotechnical and Geophysical Site 
Characterization, Huang A B & Mayne P W, 
2008 Taipei, 1217–1222 (2008) 

[20] Endra, S.; Roman, D.H.: Large displacement 
FEM modelling of the cone penetration test 
(CPT) in normally consolidated sand. Int. J. 
Numer. Anal. Meth. Geomech. 27, 585–602 
(2003) 

[21] Huang, W.; Sheng, D.; Sloan, S.W.; Yu, H.: 
Finite element analysis of cone penetration in 
cohesionless soil. Computers and Geotechnics. 
31(10), 517–528 (2004) 

[22] Markauskas, D.; Kacianauskas, R.; Suksta, M.: 
Modeling the cone penetration test by the finite 
element method. Foundation of Civil and 
Environmental Engineering. 2, 125–140 (2002) 

[23] Lu, Q.; Randolph, M.F.; Hu, Y.; Bugarski, I.C.: 
A numerical study of cone penetration in clay. 
Geotechnique. 54(4), 257–267 (2004) 

[24] Ahmadi, M.M.; Byrne, P.M.; Campanella, R.G.: 
Cone tip resistance in sand: modeling, 



by PSP Volume 25 – No 1/ 2016, pages 249-274   Fresenius Environmental Bulletin    
 

273 
 

 

verification, and applications. Can. Geotech. J. 
42(4), 977–993 (2005) 

[25] Walker, J.; Yu, H.S.: Adaptive finite element 
analysis of cone penetration in clay. Acta 
Geotech. 1(1), 43–57 (2006) 

[26] Walker, J.; Yu, H.S.: Analysis of the cone 
penetration test in layered clay. Geotechnique. 
60(12), 939–948 (2010) 

[27] Randolph, M.F.; Dolwin, J.; Beck, R.: Design of 
driven piles in sand. Geotechnique. 44(3), 427–
448 (1994) 

[28] Tumay, M.T.; Acar, Y.B.; Boggess, R.: 
Subsurface investigations with piezocone 
penetrometer, ASCE Special Publication on 
Cone Penetration Testing and Experience, pp. 
325–342 (1981) 

[29] Rad, N.S.; Tumay, M.T.: A study of pore 
pressure response of piezocone penetration test 
(PCPT). Geotechnical Testing Journal. 8(1), 
125–131(1985) 

[30] Chen, B.S.Y.; Mayne, P.W.: Profiling the OCR 
of clays by piezocone tests. Report CEEGEO–
94–1, Georgia Institute of Technology, Atlanta, 
pp. 98 (1994) 

[31] Finke, K.A.; Mayne, P.W.; Klopp, R.A.: 
Piezocone penetration testing in Atlantic 
Piedmont residuum. J Geotech Geoenviron Eng. 
127(1), 48–54 (2001) 

[32] Bemben, S.M.; Myers, H.J.: The influence of 
rate of penetration on static cone resistance in 
Connecticut river valley varved clay. In: 
Proceedings of the European Symp. on 
Penetration Testing, National Swedish Council 
for Building Research, Stockholm, Vol. 2.2, pp. 
33–34 (1974) 

[33] Roy, M.; Tremblay, M.; Tavenas, F.; Rochelle, 
P.L.: Development of pore pressures in quasi-
static penetration tests in sensitive clay. Can 
Geotech J. 19(2), 124–138 (1982) 

[34] Campanella, R.G.; Robertson, P.K.; Gillespie, 
D.: Cone penetration testing in deltaic soils. Can 
Geotech J. 20(1), 23–35 (1983) 

[35] Powell, J.J.M.; Quarterman, R.S.T.: The 
interpretation of cone penetration tests in clays, 
with particular reference to rate effects. In: 
Proceedings of the Int. Symp. on Penetration 
Testing, A. A. Balkema, Rotterdam, pp. 903–
909 (1988) 

[36] Randolph, M.F.; Hope, S.: Effect of cone 
velocity on cone resistance and excess pore 
pressures. In: Proceedings of the Int. Symp. on 
Eng. Practice and Performance of Soft Deposits, 
Yodogawa Kogisha, Osaka, pp. 147–152 (2004) 

[37] Chung, S.F.; Randolph, M.F.; Schneider, J.A.: 
Effect of penetration rate on penetrometer 
resistance in clay. J Geotech Geoenviron Eng. 
132(9), 1188–1196 (2006) 

[38] Silva, M.F.; White, D.J.; Bolton, M.D.: An 
analytical study of the effect of penetration rate 
on piezocone tests in clay. Int J Numer Analyt 
Meth Geomech. 30(1), 501–527 (2006) 

[39] Yafrate, N.J.; DeJong, J.T.: Influence of 
penetration rate on measured resistance with full 
flow penetrometers in soft clay In: Proceedings 
of Sessions of Geo-Denver 2007, GSP 173 
Advances in measurement and modeling of soil 
behavior, pp. 10 (2007) 

[40] Kim, K.; Prezzi, M.; Salgado, R.; Lee, W.: 
Effect of penetration rate on cone penetration 
resistance in saturated clayey soils. J Geotech 
Geoenviron Eng. 134(8), 1142–1153 (2008) 

[41] House, A.R.; Oliveira, M.S.; Randolph, M.F.: 
Evaluating the coefficient of consolidation using 
penetration tests. Int. J. Phys. Model. in 
Geotechnics. 1(3), 17–26 (2001) 

[42] Lunne, T.; Eidsmoen, T.; Gillespie, D.; Howland, 
J.D.: Laboratory and field evaluation of cone 
penetrometers. In: Proceedings of the In 
Situ ’86, Use of In Situ Tests in Geotech Engrg 
ASCE GSP 6, ASCE, Blacksburg, Va., pp. 714–
729 (1986) 

[43] Richarsdson, A.M.; Whitman, R.V.: Effect of 
strain-rate upon undrained shear resistance of a 
saturated remolded fat clay. Geotechnique. 
13(4), 310–324 (1963) 

[44] Vaid, Y.P.; Campanella, R.G.: Time dependent 
behavior of undisturbed clay. J Geotech Engrg. 
103(7), 693–709 (1977) 

[45] O’Reilly, M.P.; Brown, S.F.; Overy, R.F.: 
Viscous effects observed in tests on an 
anisotropically normally consolidated silty clay. 
Geotechnique. 39(11), 153–158 (1989) 

[46] Tani, K.; Craig, W.H.: Bearing capacity of 
circular foundations on soft clay of strength 
increasing with depth. Soils Found. 35(4), 21–
35 (1995) 

[47] Vesic, A.S.: Expansion of cavities in an infinite 
soil mass. J Soil Mech Found Div ASCE 
98:265–290 (1972) 

[48] Baligh, M.M.: Strain path method. J Geotech 
Eng, ASCE 111(3):1108–1136 (1985) 

[49] Yu, H.S.; Whttle, A.J.: Combining strain path 
analysis and cavity expansion theory to estimate 
cone resistance in clay. Unpublished Notes 
(1999) 



by PSP Volume 25 – No 1/ 2016, pages 249-274   Fresenius Environmental Bulletin    
 

274 
 

 

[50] Lu, Q.: A numerical study of penetration 
resistance in clay. PhD Thesis, The University 
of Western Australia (2003) 

[51] Yu, H.S.; Mitchell, J.K.: Analysis of cone 
resistance: review of methods. J Geotech and 
Geoenvironment Eng. 124(2):140–149 (1998) 

[52] Ladanyi, B.; Johnson, G.H.: Behavior of circular 
footings and plate anchors embedded in 
permafrost. Can. Geotech. J. 11, 531–553 
(1974) 

[53] Yu, H.S.: Discussion on: Singular plastic fields 
in steady penetration of a rigid cone. J. Appl. 
Mech. 60, 1061–1062. (1993) 

[54] Yu, H.S.: Cavity expansion methods in 
Geomechanics. Kluwer, Dordrecht (2000) 

[55] Voyiadjis, G.Z.; Kurup, P.U.; Tumay, M.T.: 
Preparation of large size cohesive specimens for 
calibration chamber testing. Geotechnical 
Testing Journal. 16(3), 339–349 (1993) 

 
 

Received:  07.08.2015 
Accepted: 21.12.2015 
 
 
CORRESPONDING AUTHOR 
 
Guojun Cai 
Southeast University 
Institute of Geotechnical Engineering 
210096 Nanjing – CHINA 
 
e-mail: focuscai@163.com  
 



by PSP Volume 25 – No. 1/ 2016, pages 275-283  Fresenius Environmental Bulletin    
 

 
275 

 

 

PREPARATION OF PALLADIUM/POLYMERIC PYRROLE-     
MULTIWALL CARBON NANOTUBES/TITANIUM   

ELECTRODE FOR HYDRODECHLORINATION OF 
PENTACHLOROPHENOL 


                                  Zhirong Sun1,*, Sisi Zhao1, Xuefeng Wei1,3, Xiang Hu2,** 
 

1College of Environmental & Energy Engineering, Beijing University of Technology, Beijing 100124, P.R. China 
2College of Chemical Engineering, Beijing University of Chemical Technology, Beijing, 100029, P.R. China 

3College of Chemical Engineering & Pharmaceutics, Henan University of Science and Technology, Luoyang 471003, P.R. China 
 

 
ABSTRACT 

 
A composite Pd coated electrode was prepared, 

which was modified with polypyrrole (PPy) and 
multiwall carbon nanotubes (MWCNTs), named 
Pd/PPy-MWCNTs/Ti electrode. The preparation 
parameters of Pd/PPy-MWCNTs/Ti were discussed. 
The content of MWCNTs adsorbed on Ti substrate 
was 1.0 mg, the polymerization current of pyrrole 
was 5 mA for 4 min and the depositing current of Pd 
was 40 mA for 45 min. The prepared electrode was 
characterized by scanning electron microscopy 
(SEM) and X-ray diffraction (XRD). It was used for 
pentachlorophenol (PCP) dechlorination in aqueous 
solution. PCP with initial concentration of 10 mg/L 
was completely removed by Pd/PPy-MWCNTs/Ti 
electrode in 90 min under the conditions of the 
electrolysis current of 5 mA and the initial pH of 2.2 
at ambient temperature. The removal of PCP was 
maintained at 100% when Pd/PPy-MWCNTs/Ti 
electrode was reused eight times. It revealed that the 
self-made electrode had good stability for 
electrochemical dechlorination. 

 
KEYWORDS: 
Multiwall carbon nanotubes; polymeric pyrrole; 
pentachlorophenol; dechlorination 
 
 

INTRODUCTION  
 

Chlorophenols have been widely used as 
preservative, disinfectant, pesticide and industrial 
intermediates. However, they are highly toxic 
substances with carcinogenic, teratogenic and 
mutagenic effects [1, 2]. Some of them including 
pentachlorophenol (PCP) have been listed as the 
priority pollutants by United States Environmental 
Protection Agency [3, 4]. 

 
There are many ways to remove chlorophenols 

including physical, biological and chemical methods. 

Physical methods [5-8] just achieve a transfer of 
pollutants but not real transformation, such as 
adsorption, extraction and membrane separation. 
Biological treatments [9, 10] take a long time to 
domesticate specific microorganisms for the 
degradation of persistent organic compounds. 
Chemical methods can be divided into oxidative and 
reductive process, but the oxidation of chlorophenols 
tends to produce virulent byproducts such as PCBs, 
dioxins and dibenzofurans [11, 12]. 

 
Electrocatalytic hydrodechlorination (ECH) 

which belongs to reduction methods has received 
much attention due to its mild reaction conditions, 
rapid reaction rate and the absence of secondary 
contaminants [13]. The mechanism of ECH [14, 15] 

is that atomic hydrogen (H*) generated from 
electrochemical reduction of water molecules or 
hydrogen ions attacks chlorophenols adsorbed on the 
electrode surface to form products without chlorine 
atoms.  

 
The process of electrochemical reaction could 

be influenced greatly by the electrode material and 
nature. Palladium (Pd) is one of the most commonly 
used catalysts in the preparation of electrode for ECH 
due to its unique hydrogen sorption/desorption 
properties [16-18]. Titanium (Ti) is used as the 
cathode substrate for its strong corrosion resistant 
ability. Chen et al. [19, 20] found that cathode 
modified by Pd showed high electrochemical activity 
and long-term stability, especially for the Pd/Ti 
electrode. Polymeric pyrrole (PPy) is a kind of 
conductive polymer which has the advantages of 
environmental stability and good conductivity [21, 
22]. It could be used as proper host matrices to obtain 
highly dispersed metallic particles. In particular, 
metal microparticles dispersed on polymer modified 
electrodes have been recognized to have potential 
applications in electrocatalysis [23]. Carbon 
nanotubes (CNTs) have been the subject of research 
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effort due to their unique chemical and mechanical 
properties [24-25].  

They also have the capability of hydrogen 
storage because of the unique behavior between 
hydrogen and CNTs [26]. They have become novel 
promising materials which were employed to modify 
composite electrode. 

 
In this study, the Pd composite electrode 

modified with multiwall carbon nanotubes 
(MWCNTs) and PPy was prepared. The properties of 
the electrode were characterized and the 
dechlorination process of PCP was also investigated. 

 
 
EXPERIMENTAL 
 
Chemicals and materials. PCP (99%) was 

analytical purity and purchased from Chem Service 
Inc. Experimental chemicals including palladium 
chloride (PdCl2) powder, pyrrole (Py), sodium sulfate 
(Na2SO4) and acetone were analytical purity and 
supplied by Beijing Reagent Co. Perchloric acid 
(HClO4, 72%) and nitric acid (HNO3, 68%) were 
purchased from Beijing Chemical Works. MWCNTs 
(95%, 15-20 nm) were chemical purity and provided 
by Beijing Nachen S&T Ltd. Meshed Ti (aperture 
density 150 PPI, line diameter 0.10 mm) was from 
Anping Wire Screen Mesh Plant, China. Platinum (Pt) 
foil was from General Research Institute for 
Nonferrous Metals, China. Cation-exchange 
membrane Nafion-324 (DuPont) was supplied by 
Sigma Aldrich Chemical Co. All aqueous solutions 
were prepared using ultrapure water (Millipore-Q 
system, 18.2 MΩ•cm). 

 
Pretreatment of MWCNTs. MWCNTs were 

suspended in mixed acid (VHNO3/VHClO4=1/3) and 
sonicated for 8 hours. Subsequently, the mixture was 
filtered through mixed cellulose ester membrane with 
aperture of 0.22 µm and washed thoroughly with 
ultrapure water. Finally, they were dried under the 
temperature of 373K. 

 
Electrode preparation. Meshed Ti was 

pretreated before use. It was put into hot sodium 
carbonate solution for 30 min to remove grease and 
put into boiling oxalic acid for 30 min to remove 
surface oxides. Then it was rinsed thoroughly with 
ultrapure water and stored in ethanol for later use. Py 
was distilled before use and stored in a light protected 
bottle. 

 
The pretreated MWCNTs were dispersed in 10 

mL acetone solvent and were adsorbed on meshed Ti 
surface by dip-coating method. Secondly, PPy-

MWCNTs/Ti was prepared by electro-
polymerization. PPy was synthesized on 
MWCNTs/Ti substrate in a mixed solution containing 
0.5 mol/L H2SO4 and 0.06 mol/L Py. Lastly, Pd 
particles were electrodeposited on PPy-MWCNTs/Ti 
supporting electrode in PdCl2 solution with the 
concentration of 33.75 mmol/L under constant 
current. The self-made electrode was named Pd/PPy-
MWCNTs/Ti electrode. 

 
Dechlorination experiments. The 

dechlorination experiments of PCP were conducted in 
a two-compartment cell. It was separated by a cation-
exchange membrane Nafion-324 which was used to 
prevent the oxidation of chlorophenols and 
dechlorination products on the anode. The catholyte 
was 10 mg/L PCP aqueous solution containing 0.05 
mol/L Na2SO4 as a supporting electrolyte. The 
anolyte was only 0.05 mol/L Na2SO4 solution. The 
initial pH of catholyte was adjusted by addition of 
H2SO4. Pd/PPy-MWCNTs/Ti electrode was used as 
cathode and Pt was used as anode. The dechlorination 
process was carried out at ambient temperature and 
conducted under constant current. The catholyte was 
stirring with magnetic stir at the speed of 400 rpm to 
eliminate the effect of concentration polarization. 

 
Analysis methods. The electrode was 

characterized by cyclic voltammetry (CV) with three-
electrode system using electrochemical workstation 
(CHI660C, Shanghai Chenhua Instrument Co., Ltd., 
China). Pd/PPy-MWCNTs/Ti electrode was used as 
working electrode, Pt was used as counter electrode 
and Hg/Hg2SO4-saturated K2SO4 was used as 
reference electrode. The CV tests were performed in 
a 0.5 mol/L H2SO4 solution with scan rate of 50 mV/s. 
The morphology of the electrode was recorded by 
scanning electron microscope (SEM, S4700, Hitachi 
Ltd., Japan) with an accelerating voltage of 20.0 kV. 
The lattice structure of Pd particles on the surface of 
the electrode was analyzed by X-ray diffraction 
(XRD, D8 Advance, Bruker/AXS, Germany) using 
Cu-Kα radiation with k=1.5405˚A and operating at 40 
kV and 50 mA. The concentration of PCP was 
determined by high performance liquid 
chromatography (HPLC, Waters 1525, USA).  
 
The removal efficiency (η) was expressed as follows:                              

0

0

(%) 100%tC C
C

 
                       (1) 

where C0 was the initial concentration of PCP 
(mg/L), and Ct was PCP concentration at electrolysis 
time t (mg/L). 
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RESULTS AND DISCUSSION 
 

Preparation parameters of Pd/PPy-
MWCNTs/Ti electrode. According to the 
mechanism of ECH [14, 15], sufficient hydrogen 
atoms adsorbed on the electrode were beneficial to 
remove chlorine atoms from chlorophenols. The 
value of hydrogen adsorption peak of CV curves 
indicated the amount of hydrogen atoms adsorbed on 
the electrode [27, 28]. Therefore, the electrode with 
high hydrogen adsorption peak current showed its 
great potential for dechlorination. 
 

MWCNTs content. Pd/PPy-MWCNTs/Ti 
electrodes were prepared with different content of 
MWCNTs (0.6, 1.0, 1.4 and 1.8 mg, respectively). 
PPy with the concentration of 0.06 mol/L was eletro-

polymerizated at constant current of 5 mA for 4 min. 
Pd was eletrodeposited with constant current of 40 
mA for 45 min.  

Fig.1 shows the CV curves of Pd/PPy-
MWCNTs/Ti electrode which affected by the content 
of MWCNTs. With the increase of MWCNTs 
content, the value of hydrogen adsorption peak 
current increased first and then decreased after 
reaching a maximum. When the content of MWCNTs 
was 1.0 mg, the hydrogen adsorption peak current 
obtained the maximal value. It may be referred to that 
when the content of MWCNTs was low, the ability of 
catalysis and conductivity couldn’t be performed to 
the best. When the content was high, MWCNTs 
combined with 
meshed Ti weren’t stable and it was unfavorable to 
the deposition of PPy and Pd.  

 

 
 

FIGURE 1 
CV curves of Pd/PPy-MWCNTs/Ti electrodes prepared at different MWCNTs content 

 
 

Electro-polymerization current and time of 
PPy. Pd/PPy-MWCNTs/Ti electrodes were prepared 
with 0.06 mol/L Py under different electro-
polymerization current and time. The content of 
MWCNTs was 1.0 mg which adsorbed on the 
electrode. Pd was eletrodeposited on the electrode 
with the electrodepositing current of 40 mA for 45 
min.  
 

Fig.2a shows the CV curves of Pd/PPy-
MWCNTs/Ti electrodes prepared under different 
electro-polymerization current for PPy (3, 4, 5 and 6 

mA, respectively), the polymerization time was 5 
min. The hydrogen adsorption peak current reached 
the maximum with electro-polymerization current of 
5 mA. At the current of 5 mA, the effect of electro-
polymerization time on Pd/PPy-MWCNTs/Ti 
electrode was investigated further. Fig.2b shows the 
CV curves of Pd/PPy-MWCNTs/Ti electrodes 
affected by different electro-polymerization time (2, 
3, 4 and 5 min, respectively). The maximal hydrogen 
adsorption peak current was obtained at the 
polymerization time of 4 min. 
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FIGURE 2 

 CV curves of Pd/PPy-MWCNTs/Ti electrodes prepared at (a) different electro-polymerization current 
and (b) different time (The inset is the partial enlarged details) 

The electro-polymerization condition of Py 
affected electrochemical properties of Pd/PPy-
MWCNTs/Ti electrode greatly. When polymerization 
current was low and the time was short, the PPy film 
was too thin to have effect on the dispersion of Pd 
particles. However, if the current was high and time 
was long, the PPy film would become too thick to 
promote the electron transfer and the hydrogen 
adsorption current would decrease. Therefore, the 
appropriate conditions for preparing Pd/PPy-
MWCNTs/Ti electrode was 0.06 mol/L Py with 
polymerization current of 5 mA and time of 4 min.  

Electrodepositing current and 
electrodepositing time of Pd. Different current and 
time of Pd electrodepositing for Pd/PPy-MWCNTs/Ti 
electrodes preparation were investigated. The 

MWCNTs with the content of 1.0 mg were adsorbed 
on the electrode and Py with the concentration of 0.06 
mol/L was eletro-polymerizated under the current of 
5 mA for 4 min. 

Fig. 3a shows the CV curves of Pd/PPy-
MWCNTs/Ti electrodes prepared at different electro-
depositing current (30, 35, 40 and 45 mA, 
respectively) with the fixed electrodepositing time of 
45 min. The hydrogen adsorption peak performed the 
best with the current of 40 mA. Electrodepositing 
time of Pd was studied further when the depositing 
current was 40 mA. Fig. 3b shows the CV curves of 
Pd/PPy-MWCNTs/Ti electrodes at different 
depositing time (35, 40, 45 and 50 min, respectively). 
When the depositing time was 45 min, the hydrogen 
adsorption peak current was the maximum.  
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CV curves of Pd/PPy-MWCNTs/Ti electrodes prepared at (a) different electrodepositing current and (b) 
different time 

The results indicated that the depositing 
condition of Pd microparticles had great impact on 
the performance of Pd/PPy-MWCNTs/Ti electrode. 
The amount of Pd deposited on the electrode became 
larger with the increase of electrodepositing current 
and time. However, when the content of Pd was too 
large, it could aggregate on the surface. The value of 
hydrogen adsorption peak current decreased and the 
electrocatalytic capability of Pd/PPy-MWCNTs/Ti 
electrode also decreased, accordingly. In addition, 
when the electrodepositing current was low or the 
time was insufficiency, the content of Pd catalyst was 
insufficient and the hydrogen adsorption peak current 
of the electrode would reduce. Therefore, the 
electrodepositing current of 40 mA and time of 45 
min for depositing Pd on the electrode were selected 
as the proper preparation conditions. 
 

In brief, the MWCNTs content of 1.0 mg, Py 
electro-polymerization current of 5 mA , 
polymerization time of 4 min, Pd electrodepositing 
current of 40 mA and depositing time of 45 min were 
selected as the optimized parameters for preparing 
Pd/PPy-MWCNTs/Ti electrode. 

 

Characterization of Pd/PPy-MWCNTs/Ti 
electrode. Fig. 4 shows the morphology of Pd/PPy-
MWCNTs/Ti electrode under different zoom scales. 
As shown in Fig. 4a (2,000×), Pd particles were 
dispersed on PPy-MWCNTs/Ti substrate with 
lacebark pine shape. From the high magnification 
Fig.4b (50,000×), Pd microparticles presented 
flocculent and intertwined-flaky shape. The structure 
of the electrode surface performed good spatial 
extensibility which could have higher surface areas 
and supply more catalytic sites for dechlorination.  
 

Fig. 5 shows the crystallographic information of 
the Pd/PPy-MWCNTs/Ti electrode. The peaks at 2θ 
values of 40.1, 46.7, 68.1, 82.1 and 86.6 could be 
ascribed to (111), (200), (220), (311) and (222) 
reflection of the crystal lattice of Pd. The results 
represented that Pd particles with crystal lattice were 
successfully deposited on the electrode. The metal 
Lorentz grain size of Pd was 17.1 nm and the lattice 
parameter was calculated by the XRD bundle 
software (EVA). 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 4 
SEM images of Pd/PPy-MWCNTs/Ti electrode under different zoom scales 

 
 

ELECTROCHEMICALLY REDUCTIVE 
DECHLORINATION OF PCP 

 
Effect of dechlorination current. The effect of 

dechlorination current (1, 3, 5, 8 and 10 mA, 
respectively) on the removal of PCP was investigated 
under the condition of initial pH of 2.0. Fig.6 shows 
the removal of PCP changed with different 

electrolysis currents. At the current of 1 mA, the 
removal of PCP reached 79.4%. When the current 
increased to 5mA, PCP was completely removed 
within 90 min. However, when the dechlorination 
current increased further, the removal efficiency of 
PCP on Pd/PPy-MWCNTs/Ti electrode decreased. It 
may be inferred that the side reaction of hydrogen 
evolution reaction (HER) on the electrode was 

(a) (b) 
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intensified under the higher current. Hydrogen 
formed from HER restrained the diffusion of PCP 

molecules and then prevented PCP molecules 
adsorbing on the electrode surface for dechlorination. 

 
 

FIGURE 5 
XRD pattern for Pd/PPy-MWCNTs/Ti electrode 

 

 
 

FIGURE 6 
Effect of dechlorination current on removal efficiency of PCP  

(PCP concentration: 10 mg/L, initial pH: 2.0) 
 

Effect of initial pH. The effect of initial pH 
(1.8, 2.0, 2.2, 2.8 and 3.4, respectively) on the 
removal of PCP was investigated under the condition 
of dechlorination current of 5 mA. Fig.7 shows the 
removal of PCP improved with the solution acidity 
increasing. When initial pH was 2.8 and 3.4, only a 
small amount of PCP was removed from the solution. 
The result could be explained that active hydrogen 
atoms formed from the reduction ofhydrogen ions 
were insufficient for dechlorination of PCP. When 
pH decreased to 2.2, the removal of PCP reached 
100% and the finial pH of solution was 6.5, which 
was close to neutral. When pH was 2.0 and 1.8, PCP 

still could be successfully removed, but the solution 
was acidic at the end of the reaction, which was bad 
for the subsequent treatment. 

The stability of Pd/PPy-MWCNTs/Ti 
electrode. The stability of Pd/PPy-MWCNTs/Ti 
electrode was studied by batch dechlorination 
experiments and SEM images. The electrocatalytic 
hydrodechlorination of PCP were conducted 
continuously under the selected conditions, i.e., initial 
concentration of 10 mg/L, electrolysis current of 5 
mA, initial pH of 2.2 and dechlorination time of 90 
min. Fig.8 indicated that the conversion efficiency of 
PCP still reached 100% during eight times 
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dechlorination. Compared the SEM images (Fig.9) 
used for 8 times with the SEM observation of the 
initial one (Fig.5), there was little change on the 

surface of Pd/PPy-MWCNTs/Ti electrode. This 
suggested that the self-made electrode have good 
stability within the investigation range. 

 
 

FIGURE 7 
Effect of initial pH on removal efficiency of PCP  

(PCP concentration: 10 mg/L, dechlorination current: 5mA) 

 
 

FIGURE 8 
Effect of electrode reused times on removal efficiency of PCP 

 
 

 
 

FIGURE 9 
 SEM images of Pd/PPy-MWCNTs/Ti electrode which was used 8 times 
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CONCLUSIONS 
 

A composite Pd/PPy-MWCNTs/Ti electrode 
was prepared and was employed to dechlorination of 
PCP in aqueous solution. The parameters for 
preparing the electrode were optimized .i.e. the 
content of MWCNTs was 1.0 mg, 0.06 mol/L Py was 
electro-polymerizated under the current of 5 mA for 4 
min and 33.75 mmol/L PdCl2 was electrodeposited 
under the current of 40 mA for 45 min. 10 mg/L PCP 
was completely removed by Pd/PPy-MWCNTs/Ti 
electrode within 90 min under the conditions of the 
dechlorination current of 5 mA and the intial pH of 
2.2 at ambient temperature. The composite Pd/PPy-
MWCNTs/Ti electrode performed good stability in 
successively repeated experiments. 
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ABSTRACT 
 

This investigation has been carried out to 
study the possibility of enhancing Trichoderma spp. 
with low dose gamma radiation for biodegradation 
of carbofuran pesticide. Five fungi strains are 
identified as Trichoderma spp. including T. 
harzianum and T. viride, Aspergillus niger, 
Fusarium oxysporum and Penicillium cyclopium. 
The results showed that Trichoderma spp. reached 
its maximum growth using carbofuran 
concentration of 200 mg/L (T. harzianum and T. 
viride, 167.6 and 222.0 mg/L respectively). On the 
other hand, Aspergillus niger reached its maximum 
yield 203.2 with 20 mg/L while the growth of 
Fusarium oxysporum and Penicillium cyclopium 
were dose dependence. This indicated that the 
isolates of Trichoderma spp. were potentially useful 
for carbofuran bioremediation after enchantment by 
low dose of gamma radiation. The biomass of 
Trichoderma spp. strain were increased and reached 
its maximum at 250 Gy of gamma radiation with 
Trichoderma spp. This dose showed increase in 
carbofuran biodegradation by 79% and 83.5% with 
T. harzianum and T. viride, respectively.   

 
KEYWORDS: 
Carbofuran; Trichoderma harzianum; Trichoderma 
viride; biodegradation; gamma-irradiation. 

 
 
INTRODUCTION 

 
Although it might take a larger dose of 

pesticide to harm humans than pests such as insects, 
many pesticides are still toxic to humans (Afify et 
al., 2010 and Afify, 2011). The doses needed to kill 
a pest might not kill us, but may still harm us. 
Many pesticides classified as herbicides are 
designed as species specific to the target plant pest. 
The exceptions to this are broad spectrum 
herbicides that are designed to kill a wide variety of 
plants. A herbicide that is specific to one or more 
species of plants does not insure that it is safe to 

enter the water system. Some of the dangers from 
these chemicals are yet to be fully understood. 

Organophosphate and carbamate compounds 
are considered widely used pesticides. 
Contamination of surface water with carbofuran, 
carbamate pesticide is of interest because of 
potential toxicity to aquatic organisms. Although it 
might take a larger dose of pesticide to harm 
humans than pests such as insects.  

Fungi degrade pesticides by introducing minor 
structural changes to the pesticides where it is 
susceptible to further biodegradation (Kim et al., 
2004). Several fungi such as Agrocybe 
semiorbicularis, Auricularia auricula, Coriolus 
versicolor, Dichomitus squalens, Flammulina 
velupites, Hypholoma fasciculare, Pleurotus 
ostreatus, Stereum hirsutum, and Avatha discolor 
have shown their ability to degrade various 
pesticide groups (Rani and Dhania, 2014). 

The biodegradation of carbamate has been 
investigated by different microorganisms that 
metabolize carbamate pesticides to other products 
(Afify et al., 2013). In most cases, the studies did 
not eliminate the possibility that abiotic processes 
are involved in the degradation. A number of 
bacteria capable of degrading carbofuran 
(Pseudomonas, Flavobacterium, Sphingomonas and 
Arthrobacter) have been isolated and characterized 
in an effort to better understand the bacterial role to 
remove carbofuran from the environment. 
Carbofuran is one of the pesticides belonging to the 
N-methylcarbamate class used extensively in 
agriculture. It exhibits high mammalian toxicity and 
has been classified as highly hazardous. Biomarkers 
are analyzed directly in cells and tissues of exposed 
organisms, and are traditionally defined as 
molecular, biochemical, cellular and physiological 
alterations caused by external stressors (Afify et al., 
2008; Afify, 2009 and Afify et al., 2009). 
Biomarkers of exposure indicate exposure 
reflective of the internal concentration of 
pesticide(s) or metabolite(s), and can be applied as 
screening tools for specific chemical groups, for 
example the proteins metallothionein as indicators 
of elevated concentrations of bioavailable heavy 
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metals (Connon et al., 2012). Environmental of oral 
and dermal exposure of rats to pesticide cyanophos 
was characterized by studying acetylcholine 
esterase, aspartate transaminase, alanine 
transaminase and alkaline phosphatase enzyme 
activities (Afify and El-Beltagi, 2011) as biomarker 
for pesticides pollution.  

A number of isolates capable of carrying out 
some form of degradation of pesticide have been 
isolated from soils and several fungi have been 
isolated and studied, including Aspergillus niger 
(Qing et al., 2006), Fusarium graminearum 
(Salama, 1998), Mucor ramannianus (Seo et al., 
2007) and Gliocladium sp. (Slaoui et al., 2007). 
Recently a strain of Trichoderma harzianum has 
been shown to degrade carbofuran (Wootton et al., 
1993, Afify et al., 2013).  

Low dose of ionizing radiation on 
microorganisms is responsible of accelerated 
enzyme activity (Chakravarty and Sen, 2001). The 
lowest dose of gamma irradiation (1 MCi for 10 
min) enhanced three isolates of Aspergillus niger 
investigated to produce more biomass and 
polygalacturonase, cellulase and protease 
(Gherbawy, 1998).  Trichoderma harzianum, T. 
viride and T. knoingii irradiated with 500 Gy 
dosage resulted in the highest percentage of 

pathogen growth reduction by producing highly 
active exo-enzymes (Haggag and Mohamed, 2002).  

The present investigation aimed to activate 
Trichoderma spp. (T. viride. and T. harzianum) by 
low dose gamma radiation to accelerate the 
biodegradation of carbofuran pesticides. 

 
 
MATERIALS AND METHODS 

 
Soil sampling and characterization. Soil 

sample were collected from 10 different sub-
samples and taken from the areas of 25 m², (0–20 
cm) depth, from heavy clay soil had a previous 
history of treatment with carbofuran in the last 10 
years at field located in El-Fayoum governorate, 
Egypt.  

The soil was gently air-dried to the point of 
soil moisture suitable for sieving. After sieving to a 
maximum particle size of < 2 mm, the soil kept in a 
plastic bag at 4 ºC for 7 days before use. 

 
Chemicals and reagents. Technical grade 

carbofuran (99.1% purity) was purchased from 
Sigma Aldrich Co., Nasr city, Egypt. All other 
chemicals and solvents were ultra pure grade and 
obtained from El-Gomhouria Co. For Trading 
Chemicals And Medical Appliances, Egypt. 

 
 

 
 

FIGURE 1 
Chemical structure of carbofuran 

 
 

ENRICHMENT PROCEDURE AND 
ISOLATION OF MICROORGANISMS 

 
Soil contamination. The aim of this step was 

to adapt the soil microflora to carbofuran. To obtain 
this effect, prepared soil (200 g) was supplemented 
with carbofuran at concentration of 50 mg/kg soil, 
introduced in a form of methanol solution. After 
mixing and solvent evaporation the soil was 
incubated in the dark at 30 ± 1 ºC, in a thermostatic 
chamber for 90 days. The water content of the soil 
was adjusted to 50% of the maximum water holding 
capacity. Throughout the incubation period, water 

losses exceeding 5% of the initial values were 
compensated by the addition of deionized water. 
After 30 and 60 days of incubation the soil was 
contaminated again with the same dosage of 
carbofuran. 

 
Cultivation in liquid medium. In this step of 

enrichment procedure the mineral salt medium 
(MSM) was used. The medium contained: 
(NH4)2SO4, 2 g; KH2PO4, 3 g; MgSO4.7H2O, 0.5 g; 
glucose, 3 g, micro-elements mineral solution, 2 ml 
(Cooney and Levine, 1972) and distilled water,1 
liter. The solid synthetic medium was obtained by 



by PSP Volume 25 – No. 1/ 2016, pages 284-291  Fresenius Environmental Bulletin    
 

286 
 

 

addition of agar, 15 g L-1. The pH was adjusted to 7 
and the media were sterilized at 121°C for 15 min. 

After autoclaving and cooling, the medium 
was supplemented with carbofuran as a sole of 
carbon source. Insecticide was introduced in a form 
of methanol solution to give the final concentration 
of 50 mg L-1. After 24 h of shaking and solvent 
evaporation 10 g of contaminated soil was added 
into 250 mL flasks with 100 mL of liquid medium 
supplemented with carbofuran. Flasks were 
incubated at 30 ± 1 ºC on a rotary shaker (120 rpm) 
for 72 h and kept in a dark to avoid photo-
degradation of carbofuran. After this time, 1 mL of 
soil suspension was transferred into flasks 
containing the same fresh medium supplemented 
with the higher concentration of insecticide (100 
mg L-1) and incubated for a further 72 h under the 
same conditions. 

 
Cultivation and selection of isolates on agar 

medium. The fungal strains were isolated by 
plating 10-fold dilutions of the liquid medium onto 
MSM agar supplemented with carbofuran at 
concentration of 100 mg L-1 as a sole of carbon 
source and incubated at 30 ± 1 ºC for 7 days. The 
fungal isolates were purified by using single spore 
or hyphal tip technique. Based on morphological 
properties the individual strain colonies were 
selected and subcultured to obtain pure culture. For 
further analyses five fungal isolates (carbofuran-
degrading fungi) were reserved. 

 
Identification of isolates. The pure isolated 

fungi were identified according to the most 
documented keys in fungi identification 
(Carmichael et al., 1980; Barnett and Hunter, 
1998). The morphological identification of isolated 
fungal strains is based on the morphology of the 
fungal culture colony or hyphae and the 
characteristics of spores.  

 
Exposure of T. harzianum and T. viride to 

gamma radiation. The most effective carbofuran 
degrading fungi (Trichoderma spp., including T. 
harzianum and T. viride) selected and exposed to 
different doses of gamma radiation. Slants of 7 days 
old culture were irradiated with doses of 0.0, 20.0, 
50.0, 100.0, 250.0, 500.0, 1000.0, 2000.0 and 
5000.0 Gy, and three replicates were used for each 
dose. Radiation treatments were carried out at 
Atomic Energy Authority, Abu-Zabal at dose rate 
of Egypt's Mega-gamma-1 type, J 6600-Cobalt-60 
Irradiator. 
 

Biodegradation of carbofuran in liquid 
medium. Growth experiments with carbofuran as a 
sole of carbon source were performed in 100 mL 

Erlenmeyer flasks containing 50 mL of sterile 
MSM. Carbofuran was introduced in a form of 
methanol solution to give the final concentration of 
200 mg L-1. After 24 h of shaking and solvent 
evaporation, 1ml of spore suspension (107 spore/ml) 
of each isolate was inoculated into MSM to 
evaluate the degradation dynamics of carbofuran in 
liquid medium. Non-inoculated MSM with the 
fungal suspension were kept as controls. Flasks 
were incubated at 30 ± 1 ºC for 7 days. After the 
incubation period, the produced mycelia were oven-
dried at 70 ºC till constant weight. 
 
 

CHEMICAL ANALYSIS 
 

Extraction and Purification of carbofuran. 
Carbofuran was analyzed by high performance 
liquid chromatography (HPLC) at Atomic Energy 
Authority, Abu-Zabal, Egypt.  In order to extract 
carbofuran from the soil and liquid phases, the soil 
was slurry centrifuged at 6000 rpm at 25 ºC for 15 
min to separate the liquid from the soil. The liquid 
phase was filtered through cellulose acetate paper 
(Whatman- number 1, England) prior to the liquid–
liquid partitioning extraction procedure. Briefly, 2 
mL of methanol were added to 2 mL of liquid 
sample and then the mixture was sonicated twice 
for 10 min on a 50/60 voltage cycle. After 
sonication, carbofuran was extracted in a separation 
funnel with dichloromethane. For the method of 
high-performance liquid chromatography (HPLC), 
the supernatant was dissolved in the same volume 
of pure grade methanol and filtrated by membrane 
filters (0.45 μm). An aliquot of the residue in a 20 
μL sample size was injected into a HPLC. The 
analytical column was Zorbax SB-C18 column 
(250×4.6 mm, 5 μm), and the solutes were detected 
using PDA detector with gradient UV-VIS 
detection ranging from 200 to 600 nm. The mobile 
phase consisted of 70% methanol and 30% water at 
a flow rate of 1.0 mL min−1. 

 
Data analysis. Data was analyzed by SPSS 

program Version 11.5.0. The significance of 
treatments was set at p-value less than or equal to 
0.05 by the one-way ANOVA test. 

 
 
RESULTS AND DISCUSSION 

 
Contamination of surface water by carbofuran 

carbamate pesticides compounds is of concern 
because of potential toxicity to aquatic organisms 
(Bondarenko et al., 2004). The ability of 
enhancements fungi by low dose of gamma 
radiation to biodegrade carbofuran pesticides will 
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reduce the concentration of xenobiotics (Afify, 
2009). Therefore gamma irradiation was used to 
activate several fungi and determine the activities 
of their growth under these conditions. The 
biodegradation of carbofuran is often complex and 
involves biochemical reactions. Although many 
enzymes efficiently catalyze the biodegradation of 
pesticides. 

 
Isolation and Identification of fungi. Five 

fungi strains were identified as Trichoderma spp. 
including T. harzianum and T. viride, Aspergillus 
niger, Fusarium oxysporum and Penicillium 
cyclopium (Fig 1). The results showed that 
Trichoderma spp. reached its maximum growth 
using carbofuran concentration of 200 mg/L (T. 
harzianum, and T. viride, 167.6 and 222.0 mg/L 
respectively). On the other hand, Aspergillus niger 
reached its maximum yield 203.2 with 20 mg/L 
while the growth of Fusarium oxysporum and 
Penicillium cyclopium were dose dependence. From 
the above results Trichoderma spp. possesses 
enzyme(s) which acts on amide and ester bond in 

carbofuran and initiates the biodegradation. It is 
very important to note that half-life carbofuran 45 
days in water indicating that the isolates of 
Trichoderma spp. were potentially useful for 
carbofuran bioremediation and prevent 
accumulation in the environments. These results 
agree with those of Rajagopal et al. (1984) who 
isolated Bacillus sp., Micrococcus sp., Arthrobacter 
sp. and Azospirillum sp. capable of using pesticides 
as source of carbon and nitrogen. This increase in 
the biomass of the culture with carbofuran could be 
explained by the fact that this product constitutes, 
an additional carbon and nitrogen contribution 
which allows the synthesis of new secondary 
metabolites favoring the production of microbial 
biomass and in consequence support a faster use of 
carbofuran. The increase in biomass was reported 
when T. viride strain incubated with pesticides 
(Wootton et al., 1993). Therefore Trichoderma spp. 
have been selected for enhancement by different 
doses of gamma radiation for better biodegradation 
of carbofuran pesticide. 

 
 

 
 

FIGURE 2  
 Effect of carbofuran on dry weight biomass for all tested fungi within 7 days of incubation at 30°C 
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                                                                               TABLE 1  
Mycelial dry weight (mg /100 ml) of gamma irradiated Trichoderma spp. grown on MSM with 200 mg L-1 

of carbofuran at 30 ºC for 7 days of incubation 
 

* The values are means ± SE. The mean values with different small letters within a column indicate significant 
differences (P < 0.05). 
 
 

 
 

FIGURE 3 
 Biodegradation of carbofuran in mineral salt medium by non-irradiated and irradiated Trichoderma spp. 

 
 

 
 

Gamma 
irradiation dose 
(Gy) 

Mycelial dry weight (mg/100 ml)* 

T. harzianum T. viride 
growth(mg /100 ml) % of change growth(mg /100 ml) % of change 

0 168 ± 0.11f 0.0 222 ± 0.58e  0.0 
20 176 ± 0.58e 4.76 236 ± 0.11d 6.31 
50 178 ± 0.52d 5.95 240 ± 0.58c 8.11 
100 191 ± 0.29b 13.69 248 ± 1.15b 11.71 
250 206 ± 0.17a 22.61 258 ± 1.73a 16.21 
500 188 ± 0.98c 11.90 215 ± 1.15f -3.15 
1000 144 ± 0.63g -14.29 205 ± 2.31g -7.65 
2000 122 ± 0.40h -27.38 187 ± 0.58h -15.77 
5000 83 ± 0.29i -50.59 144 ± 1.21i -35.14 
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FIGURE 4 
 Proposed biodegradation of carbofuran pesticides 

 

Effect of low dose gamma radiation on 
Trichoderma spp. The most effective carbofuran 
degrading fungi (Trichoderma spp., including T. 
harzianum and T. viride) selected and exposed to 
different doses of gamma radiation (0.0, 20.0, 50.0, 
100.0, 250.0, 500.0, 1000.0, 2000.0 and 5000.0 
Gy). Results in Table (1) indicated the biomasses of 
Trichoderma spp. (T. viride and T. harzianum) 
grown on MSM with carbofuran at concentration of 
200 mg L-1 within 7 days of incubation. The 
biomass of Trichoderma spp. strain were increased 
and reached its maximum at 250 Gy by 22.61 and 
16.21% when using T. harzianum and T. viride 
respectively. As a general trend the gamma 
radiations over than 250 Gy reduce the growth of 
Trichoderma spp. (T. viride and T. harzianum). 
Therefore the gamma radiation over 250 Gy inhibit 
the growth of the fungi and reached   50.59% and 
35.14% inhibition with gamma radiation dose 5000 
Gy using T. harzianum and T. viride respectively. 
 

Biodegradation of carbofuran in mineral 
salt medium (MSM). The isolates of T. harzianum 
and T. viride were able to degrade carbofuran and 
use it as the sole carbon source in MSM. The 
abilities of strains T. harzianum and T. viride to 
degrade of carbofuran in MSM were investigated. 
Figure 2 shows biodegradation of carbofuran at 
concentration of 200 mg/L by T. harzianum and T. 
viride cultivated in MSM. The results indicate that 
both fungal isolates used carbofuran as source of 
carbon and nitrogen. The results showed that 65% 
and 74.5% of carbofuran were degraded within 10 
days of incubation by T. harzianum and T. viride, 
respectively. The ionizing radiation to Trichoderma 
spp. at dosage of 250 Gy was showed increase in 
biodegradation of carbofuran by 14% (79 % total 
biodegradation) and 9% (83.5 % total 
biodegradation) by T. harzianum and T. viride, 
respectively. 
 

 Previous studies have shown that, relatively 
low dose of ionizing radiation on microorganisms is 
responsible of accelerated enzyme activities 

(Chakravarty and Sen, 2001). The low doses of 
gamma ray (10 and 20 Gy) significantly increased 
the alcohol-dehydrogenase enzyme activity of 
Saccharomyces cerevisiae (Ben-Akacha et al., 
2008). T. harzianum, T. viride and T. knoingii 
irradiated with 500.0 Gy dosage resulted in the 
highest percentage of pathogen growth reduction by 
producing highly active exo-enzymes (cellulase and 
chitinase isoenzymes) as confirmed by Haggag and 
Mohamed (2002). These results are in agreement 
with the results stated that growth of T. viride was 
increased at 500.0 Gy of gamma-radiation. 
Mycelial dry weight increased in isolates of 
Aspergillus tamaru, A. flavus and A. niveus when 
exposed to gamma-irradiation doses of 200.0 and 
500.0 Gy (Younis, 1999). The results showed that 
Trichoderma sp. presented a good growth in the 
presence of pesticide and 21% of the pesticide was 
degraded (Ortega et al., 2011). Haggag and 
Mohamed (2002) found that mutagenesis of three 
Trichoderma species by gamma irradiation 
exhibited high capabilities to produce efficient 
antibiotics, enzymes and phenols. On the other 
hand the tested UV-induced mutants were higher in 
their production of enzymes (cellulases, chitinases 
and β-1,3-glucanases) than their parental wild type 
strain (T. viride). Cellulase was the greatest enzyme 
production by the tested T. viride strains followed 
by β-1,3-glucanase then chitinase. Therefore the 
enhancement of Trichoderma spp. by gamma 
radiation induce the activation of the main enzymes 
cellulases, chitinases and β-1,3-glucanases which 
depend mainly on the dose of radiation (Shafique et 
al., 2009). Carbofuran was degraded first to 
carbofuran phenol and then degraded to 2-hydroxy-
3-(3-methylpropan-2-ol) phenol by Sphingomonas 
sp. as proposed by Kim et al. (2004) as shown in 
Fig (3). 
 
 

CONCLUSION 
 

Biodegradation is a major way of carbofuran 
degradation in the environment in the presence of 



by PSP Volume 25 – No. 1/ 2016, pages 284-291  Fresenius Environmental Bulletin    
 

290 
 

 

stimulated fungi with low dose of gamma radiation 
(Salama, 1998). Data in this work indicate the 
possibility of applying low dose gamma-radiation 
to increase carbofuran degradation by enhancement 
T. harzianum and T. viride. An enrichment 
procedure allowed isolating of two effective fungal 
strains belonging to T. harzianum and T. viride that 
may participate in efficient degradation of the 
carbofuran. Obtained results have implicated for the 
development of a bioremediation strategy of 
carbofuran polluted in environments. There is a 
need for further research on the biochemical and 
genetic aspects of carbofuran biodegradation by the 
isolated fungi. Esterases are the enzymes that 
catalyze the hydrolysis of carboxylic esters 
(carboxylesterases), amides (amidases), phosphate 
esters (phosphatases), etc. (Bansal, 2012 and Ortiz-
Hernández et al., 2013). In the reaction catalyzed 
by esterases, a wide range of ester substrates can be 
hydrolyzed into their alcohol and acid components. 
Carbofuran carbamate has a carboxylic ester 
component, and the enzymes capable of 
hydrolyzing this type of ester bond are known as 

carboxylesterases.  In the future it could even apply 
Trichoderma spp. directly under special condition 
or producing carboxylesterases enzyme from fungi 
and apply in the field for biodegradation of 
carbofuran pesticides to clean environments from 
pollutants. Therefore biodegradation can offer an 
efficient and cheap option for the decontamination 
of polluted ecosystems and the destruction of 
pesticides. Finally applying enzymes to degrade 
pesticides is an innovative technique for the 
removal of these pesticides from polluted 
environments. 
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ABSTRACT 
 
Fish and fish products are important sources in 

nutrition, especially for kids and youths. Turkey 
has the geographical advantage of being 
surrounded on three sides by the sea. However, the 
usage of seas unconsciously and fishing illegally 
cause pollution, which threatens human health, and 
decrease fish rates.   

 
In this study, distinguishable heavy metals are 

found (Pb, Cu, Ni, Al, Zn, etc.) that may affect 
human beings permanently in a negative way. The 
fish samples are analyzed, and significant heavy 
metal levels are displayed. The levels of heavy 
metals are introduced by using a mathematical 
approach and a statistical modeling. Original and 
new data are obtained from fishes related to levels 
of heavy metals. Data are analyzed by means of 
correlation-regression that is a linear model and a 
factor analysis method. Besides, regression 
equations and factor loadings are exhibited. 
 
KEYWORDS: 
 Heavy metals, Factor analysis, Statistical model 
 
 

INTRODUCTION 
 
Determination of the toxic heavy metal levels in 

seafood is important for community health. 
Therefore, much more researches have focused on 
the effects of heavy metals on humans. Yang et al. 
investigated the concentrations of heavy metals 
(Cr, Cd, Hg, Cu, Zn, Pb and As) in water, 
sediment, and fish from the middle and lower levels 
of the Yangtze River, China [1].  

The health risk analysis of each heavy metal in 
fish tissues indicates the safe levels for the general 
population and fishermen, but there is a possible 
risk in total target hazard quotients [1]. Heavy 
metal concentrations are investigated in Gaza Strip. 
It is studied to get information about heavy metal 
concentrations in the muscles of six commercial 
fish species available in Gaza Strip markets and the 
possible risk associated with their consumption is 

evaluated [2]. The amount of Cd, Cu, Cr, Hg, Ni 
and Zn in the muscles, livers and gills of whitefish, 
perch, pike, brown trout, burbot and vendace, 
which are taken from the lake in the vicinity of 
mining activity and several metallurgic smelters 
between Norway and Russia, is searched [3]. The 
levels and bioaccumulation of the organochlorine 
pesticides (OCPs) and heavy metals in muscles and 
livers of three fish species, with two trophic levels, 
from Lake Awassa, Ethiopia, are studied [4]. In 
Turkey a comprehensive study has been planned in 
2010 and carried out to determine the radioactivity 
levels and heavy metal concentrations in the most 
common four fish species samples collected from 
eight stations in the Black Sea Region, which is 
affected by Chernobyl in 1986 [5]. Heavy metal 
(Cd, Cr, Cu, Hg, Pb, Zn) concentrations determined 
in the muscle tissues of the seven fish species 
(silver carp Hypophthalmichthys molitrix, grass 
carp Ctenopharyngodon idellus, crucian carp 
Carassius auratus, carp Cyprinus carpio, Coreius 
heterodom, catfish Silurus asotus, and yellow-head 
catfish Pelteobagrus fulvidraco) in Yangtze River 
are measured [6]. The heavy metal pollution in 
marine life has been taken into consideration as a 
serious environmental issue [7,8]. The pollutants 
are potentially accumulated in sediments and 
livings in seas and subsequently they are 
transferred to people through nutrition [9]. Metals, 
playing an important role in biological system, 
such as iron, copper, zinc and manganese, 
are essential metals, whereas mercury, lead 
and cadmium, which are toxic even in 
small amounts, are non-essential metals [10,11]. A 
formula is obtained for the quantification of 
benefit-risk ratio (hazard quotient) for the intake of 
a product containing essential polyunsaturated fatty 
acids e.g, heavy metals [12]. Monitoring fishes and 
shells is important for water ecosystem because 
people may get affected by nutrition [13]. 
Eventually, various researches have been carried 
out on metal accumulation in different fish species 
[14-18]. Fortunately the situation is not inextricable 
for now [19]. 
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In the seas of Turkey, the investigation of heavy 
metals assessment (for two commercial fish 
species) is extensive [20]. The studies show that the 
high concentrations of metals in fish samples may 
be related to industry [20]. In addition, it is found 
that heavy metal levels are low in fish species 
sampled from relatively unpolluted areas [20,21]. 
The statistical comparison revealed that the metal 
concentrations are significantly different in each 
tissue of different fish species. There is a negative 
relationship between fish sizes and metal levels in 
most cases. The data show that the positive 
relationship is only between zinc and lead levels in 
the gill of Mugil cephalus and size. The 
relationship between the size of fish and metal 
concentration in the marine life should also be 
monitored occasionally in the field to understand 
better the effects of metals on fish growing and the 
current situation of population dynamics [21].  

Heavy metal concentrations of the fishes in 
Beymelek Lagoon (Antalya/Turkey) are lower than 
those from other contaminated Mediterranean 
regions of Turkey. This research shows that the 
heavy metal concentrations in muscles of the 
observed species are also lower than the maximum 
levels set by law [22]. 

The results may be considered as a bioindicator 
of the contamination by estimating the 
bioavailability of metals in marine biota. Moreover, 
these results can also be used to test the chemical 
levels of the sea food and the possible risk 
associated with their consumption can be evaluated 
[23]. The method that is used for the new and 
original data is remarkable [24,25]. 

The goal of this study is to analyze the heavy 
metals statistically with the data that is 
implemented by data analysis, correlation-
regression, general linear model, dendogram, factor 
loadings and regression equations. 
 
 

MATERIALS AND METHODS 
 

Sampling. Barb fish species used in this study 
(Red Mullet- Mullus barbatus), horse mackerel 
(Mackerel- Trachurus spp Horse), bluefish (Blue 
fish- Pomatomus saltatriks), sea bass (Seabass -
Dicentrarchus labrax), Bonito (Bonito-Sarda sarda), 
Zargan ( needlefish -Belo to vulgaris), Swallow 
(Red Gurnard- Triglidae), Haddock (Whiting fish-
Merlangius merlangus), anchovy (Anchovy-
Engraulis encrasicolus), mussels (Mussel-Mytilus 
galloprovincialis), Blue Fish (Young Blue fish- 
pomatomus saltatrix) Shrimp (Shrimp-Lysmat to 
rathbuna), the sardine (Sardina-Sardina pilchardus) 
are chosen. This analysis deals with the fish species 
in the Sea of Marmara, which are the most 
commonly consumed and economic in Februaries 

and Marches. Moreover, those ones affected by the 
heavy metals are joined in national and 
international trade and other industrial activities. 

Analytical procedures. The fish samples in 
polyethylene containers together with ice are 
brought to the laboratory on the same day [20]. 
Firstly, the samples are washed with tapwater and 
then distilled water [27]. The liver and muscle 
samples taken from the big (sea bass, bonito, 
bluefish and Zargan), and small fish species are cut 
into small pieces with a plastic knife and dried in a 
90 ° C-oven down to fixed weight and the ground 
has been homogenized [15,26]. 

0.25 grams of the dried tissue samples are 
mixed in PTFE containers (PTFE vessel) and by 
adding HNO3-H2O2 (5: 2, v / v) mixture it is put 
into the microwave for solubilization process 
[28,29]. The samples taken from microwave are 
completed to 50 ml with ultrapure water. The levels 
of heavy metal accumulation in examined tissues 
are determined by optical emission spectrometry 
with the 7000 DV ICP-OES model of brand Perkin 
Elmer Samples are passed through a 0.45 mm 
membrane filter before analysis. 

Li, Ba, V, Cr, Fe, Ni, Cu, Zn, Al, Pb, Mn, Cd, 
Co, Sr, Na, K, Mg, Ca, P in the analyzed samples 
has been examined and the results are given in 
terms of mg / kg. 

Element analysis. 0.2-0.5 gram of 
homogenously mixed samples is put into teflon 
containers in their dry forms. 9 ml pure HNO3, 3 ml 
HCl and 2 ml HF are added for soil while this is 8 
ml pure HNO3 for plants (and diluted HNO3 for 
tissues). The teflon containers are capped and 
placed in a microwave oven. The heat is gradually 
increased up to 185 °C and the container was kept 
at this heat for 20 minutes. Then, teflon containers 
are taken out and contents are poured to 50 ml 
HDPE volumetric flasks where they were 
complemented to 50 ml volume by addition of 
ultra-pure water. After those processes the 
conditions are convenient for heavy metal analysis 
at ICP-OES. The elemental heavy metal analysis of 
the collected soil samples has been carried out by 
Perkinelmer for the brand model (Optima 7000 
DV) ICP-OES (Inductively Coupled Plasma 
Optical Emission Spectrometer). 

In ICP, the sample collected through auto 
sampler is transferred to the nebulizer and therein it 
is mixed with argon gas to form aerosol. After that, 
it becomes plasm state at a temperature about 600-
700°K. The ‘Torch’ where the plasm is constituted 
is composed of 2 nested quartz canals. Aragon is 
injected via two outside canals while the sample 
and aragon are injected together through small 
inside canals. The sample, which is sprayed with 
aragon through the injector, is brought into a form 
of plasm after being induced with an RF (Radio 
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Frequency) signal applied to metal coil on the side 
of the area. Emissions from the hot spot in the 
middle of the plasm are used for the analysis. 

Five standards and a blank are prepared in order 
to constitute the calibration curve. The 
concentration of the standards is as follows: STD 1 
10 ppb; STD 2 25 ppb; STD 3 50 ppb; STD 4 100 
ppb; STD 5 250 ppb. 

In order to operate the device, its software 
program is turned on. The obtained values are used 
via a special method. Recommended reading 
(plasma view) for low concentrations (ppb levels) 
is axial. This option is also entered into the method. 
Sample information is created to state the locations 
of the samples in auto sampler. Before the 
calibration process, the standard of the highest 
concentration is viewed as a sample and peak 
correction is made accordingly. After the blank and 
standards are viewed, the calibration curve is 
drawn. Correlation coefficient is expected to have 
three or four 9’s for the sensitivity of the 
calibration. Samples, whose flow is 1.5 ml/minute, 
are placed in the auto sampler. The device begins to 
read the sample in 45 seconds after the sample 
flow. It makes 3 readings for each sample and gives 
the result, as the average of them in terms of µg/L. 
Plasm speed is 17L/m. Nebulizer speed is 0.55 
L/m. The washing process is carried out with 45-
secondperiods. 

Domestic, industrial, agricultural and chemical 
wastes threaten human health as well as the marine 

life. Toxic materials and heavy metals in fish 
species cause irreversible damages in neural 
system, muscle functions, respiration system, 
circulatory system, immune system and affect 
negatively the growth and many other functions of 
the organisms. The heavy metals accumulate in 
liver, kidney and spleen intensively. Due to the 
negative effects of the heavy metals as indicated 
above, the rates of them need to be investigated and 
analyzed statistically.  

In this analysis that is based on environmental 
pollution, a descriptive analysis of variables, 
correlation matrix and dendogram of hierarchical 
cluster are investigated. Multivariable analysis 
exhibits interaction among variables. The variables 
are introduced on two-main axis. Pb, Co, Zn, Ni, 
Cu, V, Cr and K scatter in ±x, Mg, Cd, Al, Ca and 
Na scatter in ±y. 

One of the sources of heavy metal pollution is 
also automobiles. The soil absorbs those metals 
spread from automobiles. This fact needs to be 
analyzed rigorously. The analysis reveals the 
correlation of the metals. For example, Na and K 
alkali metals have the same property with each 
other; Al, Mg, Cr, Ni and Cu soil alkali metals as 
well. 

The descriptive analysis values of heavy metals 
in fish samples are shown in Table1. Accordingly 
the most potential damaging heavy metals are Pb, 
Cu, Cd, Mn respectively. 

 
TABLE 1 

 Descriptive analysis 
 

 N Minimum Maximum Mean Std. Deviation 
Ba 36 0 1,09 0,1984 0,32728 
V 36 0 0,29 0,0982 0,08092 
Cr 36 0 0,74 0,2948 0,21158 
Ni 36 0 5,17 0,1489 0,86040 
Cu 36 0,66 12,84 3,8156 3,63103 
Pb 36 0,00 ,36 0,0974 0,13535 
Mn 36 0,17 3,73 1,5638 1,20537 
Cd 36 0 0,03 0,0029 0,00892 
Co 36 0 0,12 0,0084 0,02634 
Sr 36 1,00 50,60 9,8627 14,16121 
Fe 36 2,20 186,21 41,9825 50,55500 
Zn 36 7,33 107,20 41,8176 30,25427 
Al 36 0 104,49 16,7064 26,13252 
Na 36 1601,24 14618,97 5339,0807 3757,38811 
K 36 4605,68 19028,21 12259,1377 4134,39235 
Mg 36 459,94 2676,61 1385,3217 567,25131 
Ca 36 193,02 5298,34 1843,5403 1413,30051 
P 36 4722,57 12445,02 8013,1191 1850,88630 

 
 



by PSP Volume 25 – No. 1/ 2016, pages 292-299  Fresenius Environmental Bulletin    


295 
 

 

Correlations. The instant correlation 
coefficients of the heavy metal variables in fish 

samples between each 

other are shown in Table2.  
 

 
 

TABLE 3 
 KMO and Bartlett's Test 

 
Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0,606 

Bartlett's Test of Sphericity 
Approx. Chi-Square 931,843 

Df 153 
Sig. 0,000 

 
 

KMO and Barlett’s Test tables (Table3) 
indicate the suitability of the data for structure 
detection. The Kaiser-Meyer-Olkin Measure of 
Sampling Adequacy is a statistics that indicates 
the proportion of variance in our variables that 
might be caused by underlying factors. High values 
(close to 1,0) generally indicate that a factor 
analysis may be useful with our data. Therefore our 
value is greater than 0,50, the results of the factor 
analysis probably will be very useful.  

Dendogram of hierarchical cluster analysis of 
heavy metal concentrations in fish of Istanbul’s 
seas are shown in Figure1. Metal clusters of 
variables are expressed in the figure hierarchical 
structure between these variables. Accordingly, 
there are two main heaps. The first phrase is Na, P, 
K which are beneficial substances. When the 
variables are substituted into the data reduction 
method, three maximum eigenvalues of covariance 
matrix describe 71,225% of total change. The 
number of variables is 18. 

TABLE 2 
 Pearson’s correlation matrix for the metal concentrations 

 
 Ba V Cr Ni Cu Pb Mn Cd Co Sr Fe Zn Al Na K Mg Ca P 

Ba 1 ,410* ,288 -,106 ,408* ,030 ,692** ,282 -,192 ,531** -,026 ,481** ,558** ,259 -,383* ,020 ,880** ,045 

V ,410* 1 -,087 ,111 ,389* ,616** ,373* ,087 ,029 ,586** -,082 ,182 ,549** ,531** -,257 ,123 ,373* -,202 

Cr ,288 -,087 1 ,293 ,577** -,273 ,688** ,097 ,016 ,406* ,709** ,632** ,405* ,546** ,232 ,694** ,513** ,670** 

Ni -,106 ,111 ,293 1 ,099 -,128 ,161 -,048 ,152 -,029 ,348* ,273 ,068 ,083 ,115 ,287 -,043 ,241 

Cu ,408* ,389* ,577** ,099 1 ,194 ,666** -,058 ,155 ,838** ,578** ,544** ,720** ,762** -,252 ,538** ,485** ,133 

Pb ,030 ,616** -,273 -,128 ,194 1 -,043 -,227 -,236 ,479** -,275 -,217 ,311 ,536** ,221 ,288 ,022 -,014 

Mn ,692** ,373* ,688** ,161 ,666** -,043 1 ,300 ,086 ,539** ,623** ,865** ,609** ,561** -,167 ,505** ,818** ,398* 

Cd ,282 ,087 ,097 -,048 -,058 -,227 ,300 1 -,104 -,053 -,057 ,088 ,220 -,033 -,302 -,125 ,340* -,069 

Co -,192 ,029 ,016 ,152 ,155 -,236 ,086 -,104 1 -,139 ,456** ,319 -,141 -,119 -,357* -,229 -,238 -,247 

Sr ,531** ,586** ,406* -,029 ,838** ,479** ,539** -,053 -,139 1 ,164 ,270 ,840** ,870** -,222 ,478** ,600** ,017 

Fe -,026 -,082 ,709** ,348* ,578** -,275 ,623** -,057 ,456** ,164 1 ,802** ,149 ,367* ,089 ,592** ,183 ,502** 

Zn ,481** ,182 ,632** ,273 ,544** -,217 ,865** ,088 ,319 ,270 ,802** 1 ,259 ,338* -,085 ,459** ,618** ,465** 

Al ,558** ,549** ,405* ,068 ,720** ,311 ,609** ,220 -,141 ,840** ,149 ,259 1 ,737** -,314 ,357* ,590** -,039 

Na ,259 ,531** ,546** ,083 ,762** ,536** ,561** -,033 -,119 ,870** ,367* ,338* ,737** 1 ,136 ,774** ,494** ,333* 

K -,383* -,257 ,232 ,115 -,252 ,221 -,167 -,302 -,357* -,222 ,089 -,085 -,314 ,136 1 ,569** -,209 ,779** 

Mg ,020 ,123 ,694** ,287 ,538** ,288 ,505** -,125 -,229 ,478** ,592** ,459** ,357* ,774** ,569** 1 ,331* ,791** 

Ca ,880** ,373* ,513** -,043 ,485** ,022 ,818** ,340* -,238 ,600** ,183 ,618** ,590** ,494** -,209 ,331* 1 ,280 

P ,045 -,202 ,670** ,241 ,133 -,014 ,398* -,069 -,247 ,017 ,502** ,465** -,039 ,333* ,779** ,791** ,280 1 

*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
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FIGURE 1 
Dendogram for Variables 

 
 

TABLE 4 
Principal component analysis 

 

Component Initial Eigenvalues Extraction Sums of Squared Loadings 
Total % of Variance Cumulative % Total % of Variance 

1 6,085 38,004 38,039 6,847 38,039 
2. 3,036 18,067 56,710 3,361 18,671 
3. 2,061 14,052 71,225   

 
 

The first two-main axes explain 71% of total variance: 
Y1=0,133*Ba-0,056*V+0,884*Cr+0,398*Ni+0,535*Cu-0,113*Pb+0,676*Mn-0,066*Cd+ 

0,048*Co+0,298*Sr+0,837*Fe+0,744*Zn+0,246*Al+0,557*Na+0,443*K+0,863*Mg+0,405 
*Ca+0,841*P 

Y2=0,746*Ba+0,743*V+0,150*Cr-0,136*Ni+0,660*Cu+0,407*Pb+0,595*Mn+0,258*Cd- 
0,095*Co+0,850*Sr-0,04*Fe+0,274*Zn+0,849*Al+0,625*Na-0,537*K+0,115*Mg+0,707 
*Ca-0,257*P 
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TABLE 5 
 Total variance Rotated Component Matrixa 

  Component 
1 2 

Ba 0,133 0,746 
V -0,056 0,743 
Cr 0,884 0,150 
Ni 0,398 -0,136 
Cu 0,535 0,660 
Pb -0,113 0,407 
Mn 0,676 0,595 
Cd -0,066 0,258 
Co 0,048 -0,095 
Sr 0,298 0,850 
Fe 0,837 -0,04 
Zn 0,744 0,274 
Al 0,246 0,849 
Na 0,557 0,625 
K 0,443 -0,537 

Mg 0,863 0,115 
Ca 0,405 0,707 
P 0,841 -0,257 

Extraction Method: Principal Component Analysis.  
 Rotation Method: Varimax with Kaiser Normalization. 
a. Rotation converged in 3 iterations. 

 
 

TABLE 6 
 Total variance Component Transformation Matrix 
Component 1 2 

1 
0,736 0,677 

2 0,677 -0,736 
Extraction Method: Principal Component Analysis. 
Rotation Method: Varimax with Kaiser Normalization. 

 
 

When the variables are rotated with Varimax 
method, the projection of variables lie on the main 
axis. According to that, two groups can be obtained 
from the cluster analysis. The variables are  

scattered along two–main axes. The first one is V, 
Pb, Cd, Ba, Al, Sr, Ca, Cu, Na and the second one 
is Mn, Zn, Mg and Cr. Co, Ni, Fe, P and K 
elements scatter the negative axis for stability. 
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FIGURE 2 

 Factor Loadings for variables 
 

CONCLUSION 
 
This study is based on environmental pollution 

variables. It has yielded its statistical analysis from a 
descriptive analysis of variables, a correlation matrix 
and a dendogram of hierarchical cluster. The results of 
multivariable statistics are significant in that two main 
clusters can be observed. 

The variables are introduced two-main axis in R2 
space and they are observed to lie ±x and ±y axis. Pb, 
Co, Zn, Ni, Cu, V, Cr and K scatter in ±x axis. Mg, 
Cd, Al, Ca and Na scatter in ±y. Those with the 
largest share of heavy metal in the fish could be 
identified in the factor loading of the two analyses. In 
the first axis the four significant elements are Cr, Mg, 
Fe and in the second axis they are V, Ba, Al, Sr 
respectively. 
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ABSTRACT 
 

In hydraulic engineering, it is of vital importance to 
estimate suspended load correctly in planning and 
projecting stream structures. On the other hand, problems 
increase with the effect of heating and climate changes in 
a globalizing world, and it is thought that the decrease of 
usable freshwater sources would pose a serious risk. Due 
to these risks, studies on the potential effect of climate 
change and on hydraulic time series have increased in 
recent years. Therefore, in this study, the trend analysis 
method will be applied to annual average rainfall, stream 
flow and suspended load of West, East Black Sea Basins 
and Sakarya Basin. While there was no trend in the data 
of most stations obtained from West Black Sea Basin, 
there was a decreasing trend in the data of some stations 
in stream flow and suspended load. While there was an 
increase trend in data of most stations obtained from 
rainfall stations for East Black Sea Basin, there was no 
trend in the data of some stations in stream flow and 
suspended load data. There was a decrease trend in data 
of most of the stations obtained from rainfall, stream flow 
and suspended load measurement stations for Sakarya 
Basin. 

 
KEYWORDS: 
Basin, Trend Analysis, Rainfall, Stream flow, Suspended Load. 
 
 

INTRODUCTION 
 

Dams are built on rivers for various reasons such as 
obtaining potable and utilizable water, and for energy 
generation and flood control. Therefore, solid materials 
such as sand, gravel, silt and clay, which are brought by 
rivers feeding basins of these structures fill in reservoirs, 
decrease their storage capacity and as a result shorten 
their economic life. Moreover, it causes extinction of 
topsoil, which is one of the most important production 
sources of an agricultural economy. For this reason, 
extinction of agricultural land brings together problems 
such as losing multi-purpose water structures and 
environmental pollution. Data about suspended loads, 
which are brought by rivers, are first of all used in sizing 
water structures such as dams, weirs and groins and 
calculation of dead storage. Moreover, suspended load 

sheds light on determination of erosion characteristics of 
the basin. Therefore, studies on suspended load data have 
become quite important [1]. 

 
On the other hand, air and water are indispensable 

elements of life on earth. With the effect of increasing 
population and difficult environmental conditions, it is 
one of the important issues in planning for protection and 
use of water, which is a restricted resource because of 
increasing demand. Planning and management of water 
resources have become quite important in parallel with 
increased water demand, and it has become compulsory to 
carry out more detailed and comprehensive studies in 
developing water structures. As a result of rapid 
development in industry, agriculture, urbanism and urban 
development, it should be remembered that the need for 
water resources would only be met by sustainable, 
determined environmental policies in the future. In at 
globalizing world, where problems increase with the 
effect of warming and climate changes, it is thought that a 
decrease in usable freshwater bodies will pose a serious 
problem. Due to these risks, it is seen that studies on the 
potential effect of climate change and on hydraulic time 
series have increased in recent years. These studies are 
generally carried out in order to find out whether there is 
climate change or not [1]. 

 
Therefore, in this study, the trend analysis method 

will be applied on annual average rainfall, stream flow 
and suspended load of West and East Black Sea Basins 
and Sakarya Basin, which carry the risk of erosion and 
flooding in Turkey. 
 
 

MATERIALS AND METHODS 
 

Data used in this study, including stream flow and 
suspended load measurements were obtained from State 
Hydraulic Works and rainfall measurements were 
obtained from State Meteorological Service [2, 3]. 

 
TREND ANALYSIS 
 
Since hydraulic sizes have randomly changing 

characteristics within time, examination of continuously 
decreasing or increasing trends requires special methods. 
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Basic assumptions such as normality, linearity and 
independence in standard parametric tests generally 
cannot be attained in the data of typical surface water 
quality. Therefore, it is more suitable to use non-
parametric tests rather than parametric tests [4-9]. These 
non-parametric tests are those such as Spearman’s rho test 
and Mann-Kendall test. Consequently, these tests were 
used in this study. 

 
Spearman’s Rho Test. This is a quick and simple 

test to determine whether there is a correlation between 
two observation series. Rxi, which is a rank statistic, is 
determined by ordering data in increasing or decreasing 
order. Spearman’s Rho test statistics (rs) is calculated 
according to the equation below [10, 11]. 
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Since rs distribution will proximate to normal for     

n > 30, normal distribution tables are used. For this, test 
statistics (Z) of rs; 

 

1 nrZ s                                                                (2) 
 
   It is concluded that if normal distribution 

corresponding to  significance level which is chosen as 
absolute value of Z is smaller than Z/2 then null 
hypothesis is accepted and it is concluded that there is no 
trend in time series observed; if it is bigger it is concluded 
that there is trend and iv Z value is positive there is an 
increase trend and if it is negative there is a decrease 
trend. 
 

Mann-Kendall Test. Since the Mann-Kendall test is 
a non-parametric test, it is independent from distribution 
of random variable. With this test, the presence of a trend 
in a time series is checked with null hypothesis “H0: no 
trend” [12-21]. In x1, x2, ... xn time series on which the 

test will be applied xi, xj pairs are divided into two 
groups.        For i < j, if the number of the pairs xi < xj is 
indicated with P and number of the pairs xi > xj test 
statistics (S) are calculated by the following equation: 

 
MPS                                                                     (3) 

 
Kendall correlation coefficient: 
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It is concluded that if normal distribution 

corresponding to  significance level, which is chosen as 
absolute value of Z, is smaller than Z/2 then null 
hypothesis is accepted and it is concluded that there is no 
trend in time series observed; if it is bigger it is concluded 
that there is a trend and Z value is positive there is an 
increase trend and if it is negative there is a decrease trend 
[22-26]. 

 
 
RESULTS AND DISCUSSION 

 
SPEARMAN’S RHO TEST AND MANN-KENDALL 
TEST RESULTS 

Spearman’s Rho test and Mann-Kendall test results 
of rainfall, stream flow and suspended load datas of West 
Black Sea Basin are given in table 1 and table 2. 
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TABLE 1 
Spearman’s Rho Test and Mann-Kendall Test Results of Stream Flow and Suspended Load Datas of West Black 

Sea Basin. 


Year of 
Observation 

The 
Station 
Number 

The Station 

Stream flow Suspended load 
Spearman’s 

Rho Test 
(Z) 

Mann-
Kendall 
Test (Z) 

Spearman’s 
Rho Test 

(Z) 

Mann-
Kendall 
Test (Z) 

1980-2009 1307 Devrekani Stream -2,03 -1,96 -2,32 -2,25 
1979-2009 1314 Soganli Stream -2,47 -2,19 -2,48 -2,41 
1979-2009 1332 Karasu Stream -0,01 -0,07 -1,24 -1,36 
1979-2009 1334 Bolu Stream -3,16 -3,09 -2,58 -2,65 
1979-2009 1335 Filyos Stream -1,72 -1,53 -2,26 -2,07 

 

                                                                                      TABLE 2 
            Spearman’s Rho Test and Mann-Kendall Test Results of Rainfall Data of West Black Sea Basin. 


Year of 
Observation 

The Station 
Number The Station Spearman’s Rho 

Test (Z) 
Mann-Kendall 

Test (Z) 
1979-2012 17020 Bartin -0,88 -0,77 
1979-2012 17022 Zonguldak -0,70 -0,83 
1979-2012 17024 Inebolu -0,41 -0,42 
1979-2012 17026 Sinop 0,94 0,95 
1979-2012 17070 Bolu 1,21 1,25 
1979-2012 17072 Duzce -1,79 -1,81 
1996-2012 17078 Karabuk -2,72 -3,09 
1979-2011 17602 Amasra -0,71 -0,70 
1979-2011 17606 Bozkurt -1,78 -1,91 
1980-2012 17618 Devrekani -2,97 -2,97 
1979-2011 17646 Cerkes -1,18 -1,26 

 
 
Spearman’s Rho test and Mann-Kendall test results 

of rainfall, stream flow and suspended load datas of East 
Black Sea Basin are given in table 3 and table 4. 

 
 

TABLE 3 
Spearman’s Rho test and Mann-Kendall test results of stream flow and suspended load datas of East Black Sea                         

Basin. 
 

Year of 
Observation 

The Station 
Number The Station 

Stream flow Suspended load 
Spearman’s 

Rho Test 
(Z) 

Mann-
Kendall 
Test (Z) 

Spearman’s 
Rho Test 

(Z) 

Mann-
Kendall 
Test (Z) 

1988-2009 2228 Fol Stream -1,20 -0,85 -1,88 -1,35 
1988-2009 2232 Firtina Stream 1,01 1,07 1,95 1,35 
1979-2009 2238 Melet Stream -0,87 -0,85 -1,39 -1,28 
1988-2009 2245 Terme Stream -0,45 -0,51 -0,02 -0,11 
1988-2009 2251 Degirmen Stream 0,77 0,51 0,02 -0,11 
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TABLE 4 
               Spearman’s Rho test and Mann-Kendall test results of rainfall data of East Black Sea Basin. 

 
Year of 

Observation 
The Station 

Number The Station Spearman’s Rho 
Test (Z) 

Mann-Kendall 
Test (Z) 

1979-2012 17033 Ordu 1,24 1,36 
1979-2012 17034 Giresun 1,51 1,60 
1979-2012 17038 Trabzon 1,09 1,16 
1979-2012 17040 Rize 2,02 2,00 
1979-2012 17042 Hopa 0,99 0,93 
1979-2012 17088 Gumushane 1,12 1,10 
1980-2011 17624 Unye 1,65 1,77 
1979-2011 17626 Akcaabat 0,45 0,57 
1979-2011 17628 Pazar 2,70 2,65 

 
 
Spearman’s Rho test and Mann-Kendall test results 

of rainfall, stream flow and suspended load datas of 
Sakarya Basin are given in table 5 and table 6. 

 
 

                                                                                    TABLE 5 
Spearman’s Rho test and Mann-Kendall test results of stream flow and suspended load datas of Sakarya Basin. 

 

Year of 
Observation 

The 
Station 
Number 

The Station 

Stream flow Suspended load 
Spearman’s 

Rho Test 
(Z) 

Mann-
Kendall 
Test (Z) 

Spearman’s 
Rho Test 

(Z) 

Mann-
Kendall 
Test (Z) 

1979-2008 1203 Porsuk Stream -2,59 -2,68 -3,30 -3,39 
1979-2009 1233 Aladag Stream -0,54 -0,61 0,29 0,27 
1991-2009 1253 Sohu Stream 0,98 0,98 0,50 0,49 
1979-2011 1257 Porsuk Stream -2,18 -2,15 -2,83 -2,96 

 
 

                                                                                   TABLE 6 
                   Spearman’s Rho test and Mann-Kendall test Results of Rainfall Data of Sakarya Basin. 

 
Year of 

Observation 
The Station 

Number The Station Spearman’s Rho 
Test (Z) 

Mann-Kendall 
Test (Z) 

1979-2012 17069 Sakarya -3,15 -3,29 
1991-2012 17123 Eskisehir -2,36 -2,48 
1979-2012 17130 Ankara 1,26 0,92 
1979-2011 17155 Kutahya -2,34 -2,34 
1979-2011 17662 Geyve -2,68 -2,31 
1991-2011 17664 Kizilcahamam 1,28 1,48 
1979-2011 17680 Beypazari -1,37 -1,41 
1979-2011 17702 Bozoyuk -1,04 -0,85 
1979-2011 17726 Sivrihisar -0,51 -0,36 
1979-2011 17728 Polatli -1,91 -1,75 
1979-2011 17752 Emirdag -1,43 -1,50 

 
 

 

CONCLUSIONS 
  

For West Black Sea Basin, trend analysis was 
applied on average stream flow and suspended load 
values of five stream flow and suspended load 

observation stations and rainfall values of 11 Meteorology 
Observation station. Common trend results of rainfall, 
stream flow and suspended load datas of West Black Sea 
Basin are given in Table 7. 
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                                                                                     TABLE 7 
 Common Trend Results of Rainfall, Stream Flow and Suspended Load Data of West Black Sea Basin. 

 
The Station 

Number The Station Name Rainfall Stream Flow Suspended 
Load 

1307 / 17618 Devrekani S. / Devrekani Decrease Trend Decrease Trend Decrease Trend 
1314 / 17078 Soganli S. / Karabuk Decrease Trend Decrease Trend Decrease Trend 
1332 / 17026 Karasu S. / Sinop No Trend No Trend No Trend 
1334 / 17070 Bolu S. / Bolu No Trend Decrease Trend Decrease Trend 
1335 / 17020 Filyos S. / Bartin No Trend No Trend Decrease Trend 

 
Golkoy Dam arranges stream flow and saves 

suspended load carried on the stream as dead storage, it 
caused a decrease trend on stream flow and suspended 
load. Moreover 30% of the water in the dam is used as 
drinking water by Bolu Municipality and the rest of the 
water is used for irrigation. Then, there is a result of 
decrease trend in stream flow of Bolu Stream.  

 
   While there is no trend in rainfall and stream flow data 
of Filyos stream, it is seen that there is decrease trend in 
suspended load. When the reason for this is analyzed, it is 
seen that sand and gravel pits located near Filyos stream 

withdraw sand and gravel from the stream. Therefore, 
there is a decrease trend in suspended load data of Filyos 
Stream.  

 
   For East Black Sea Basin, trend analysis was applied on 
average stream flow and suspended load values of five 
stream flow and suspended load observation stations and 
rainfall values of nine Meteorology Observation stations. 
Common trend results of rainfall, stream flow and 
suspended load data of East Black Sea Basin are given in 
Table 8. 

 
 

TABLE 8 
Common Trend Results of Rainfall, Stream Flow and Suspended Load Data of East Black Sea Basin. 

 
The Station 

Number The Station Name Rainfall Stream 
Flow 

Suspended 
Load 

2228 / 17626 Fol Stream / Akcaabat No Trend No Trend No Trend 
2232 / 17628 Fırtına Stream / Pazar Increase Trend No Trend No Trend 
2238 / 17033 Melet Stream / Ordu No Trend No Trend No Trend 
2245 / 17624 Terme Stream / Unye No Trend No Trend No Trend 
2251 / 17038 Degirmen Stream / Trabzon No Trend No Trend No Trend 

 
 

While there is no trend in stream flow and 
suspended load of Firtina River, there is an increasing 
trend in rainfall data. When the result is observed, Firtina 
Stream belongs to Rize region. The most important 
climactic characteristic of Rize is that it is rainy in all 
seasons. Therefore, Rize is the city that receives the most 
rain in Turkey so there is increasing trend in rainfall data 
of this region.  
 

The reason why there is no trend in stream flow and 
suspended load of Firtina River is that there is no HES or 
dam on it. This stream is completely under protection and 
the amount which passes to stream flow from rainfall is 
lower. Therefore, there is no trend in stream flow and 
suspended load data of this stream. Moreover, since the 
grain diameter of suspended load transported in this 
region is large it is transported as bed load. DSI only 

measures suspended load. Therefore, since data used in 
the study are suspended load data, there is no trend. On 
the other hand, Firtina Stream, which is nearly 2 km from 
Ardesen, is in a convenient location in the sense of river 
tourism (canoe-rafting). Therefore, foreign and local 
sportsmen particularly like this stream. For these reasons, 
there is no trend in stream flow and suspended load data 
in this region.  
 

For Sakarya Basin, trend analysis was applied on 
average stream flow and suspended load values of four 
stream flow and suspended load observation stations and 
rainfall values of 12 Meteorology Observation stations. 
Common trend results of rainfall, stream flow and 
suspended load data of Sakarya Basin are given in Table 
9. 
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TABLE 9 
Common Trend Results of Rainfall, Stream Flow and Suspended Load Data of Sakarya Basin. 

 
The Station 

Number The Station Name Rainfall Stream Flow Suspended 
Load 

1203 / 17155 Porsuk Stream / Kutahya Decrease Trend Decrease Trend Decrease Trend 
1233 / 17680 Aladag S. / Beypazarı No Trend No Trend No Trend 
1253 / 17664 Sohu S. / Kızılcahamam No Trend No Trend No Trend 
1257 / 1257 Sakarya River / Sakarya Decrease Trend Decrease Trend Decrease Trend 

 
 

When the situation in all basins is analyzed, there is 
a decrease trend in stream flow, suspended load and 
rainfall data of some basins. When general factors of this 
decrease are summarized; 
 

Since buildings such as hydroelectric plants and 
dams located in the station region keep stream flow and 
suspended load, there will be a decrease trend in trend 
results of stream flow and suspended load data. 
 

Climactic changes experienced in our country in 
recent years caused lower rainfall and higher temperatures 
compared to previous years. Due to this negative situation 
there should be a decrease trend in rainfall data of 
stations. Since the amount of water transported to stream 
flow would decrease as the rainfall decreases, there would 
be decrease in trend analysis results of stream flow and 
suspended load values.  
 

Factories located near station regions withdraw 
water and suspended load from these streams. Water and 
suspended load withdrawn from the stream would have a 
great effect on the decrease trend attained as a result of 
trend analysis.  

 
When all the measurements taken from these results 

are listed; 
 

 Since the invaluable ecological and economic 
benefit of natural cycle and flow of water is 
essential for life on earth, water resources 
management of natural and artificial water areas 
should be planned and applied properly. 

 
 Available resources should be used as usefully as 

possible.  
 

 Protection of forests and the promotion of tree 
planting are two of the best efforts to be carried 
out in this sense. Forestation studies are the best 
studies to be carried out both against the effect of 
global warming and in protecting dam reservoirs 
against suspended load. Such activities should be 
increased. 

 
 Another step to be taken in decreasing the effect 

of global warming is education. Future 

generations should be taught not to make 
excessive water demands at an early age and that 
it is essential to use water economically without 
wasting it. 
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ABSTRACT 
 

Gediz Basin supports the considerable 
amount of Turkey’s agricultural need and erosion 
have long been causing a serious problem in the 
basin. To evaluate the erosion rate by using 137Cs 
and 210Pbex measurements, bulk soil samples were 
collected in cultivated site from Karkın Village in 
Middle Gediz Basin. Soil loss rates were calculated 
from 137Cs and 210Pb inventories of the samples 
using the proportional and the mass balance 
conversion models. The activity concentrations of 
137Cs and 210Pb were measured and their values are 
obtained in the ranges of 0,4 - 24 Bq kg-1 and 17-58 
Bq kg-1 respectively. The 137Cs and 210Pb 
inventories of reference, erosion and deposition are 
obtained as follow in sequence; 3162 Bq m-2, 2285 
Bq m-2, 6272 Bq m-2 and 3723 Bq m-2, 2544 Bq m-2 
and 4138 Bq m-2. Soil redistribution rates, within 
the field, determined for 137Cs and 210Pb 10,8 t ha-1 
y-1  and 13,07 t ha-1 y-1 and the mean erosion rates 
for the eroding area was obtained as 25,8 t ha-1 y-1 
and 54,05 t ha-1 y-1 respectively. 

 
Keywords:  
210Po, 210Pb, Soil erosion, Gediz Basin 
 
 

INTRODUCTION 
 

Soil erosion is one of the main degradation 
processes to occur on soil, having high productive 
capacity, in Turkey. The semiarid climate and the 
irregular terrain enhance erosion in Aegean region. 
Extremely short duration and very high intensity 
rainfall regime of Gediz Basin areas is particularly 
conductive to erosion and it has been increasingly 
considered as a serious environmental problem in 
region. It can be figured out that soil erosion is not 
only a natural processes, but also it can be 
accelerated by human intervention through 
deforestation, overgrazing, and nonsustainable 
farming practices. Information on rates of soil loss 
from agricultural land must be seen as an important 
requirement for effective environmental 
management. Rates of soil loss exert a key control 

on crop productivity and the longer-term 
sustainability of the soil resource (Oldeman, 1994). 
Many studies were made for understanding the soil 
and sediment movement.  

Mostly caesium-137 (137Cs) and excess 
lead-210 (210Pbex) fallout radionuclides are used to 
provide the rates of soil and sediment redistribution 
in recent years (Mabit, Benmansour & Walling, 
2008). Porto, Walling & Capra, (2014) indicated 
that 137Cs measurements are primarily used to 
generate information on mean annual erosion rates 
over the past ca. 50 years. It is a man-made 
radionuclide (half-life 30.2 years) generating from 
the nuclear weapon tests and nuclear accidents.  
137Cs, coming out with nuclear studies, penetrates to 
the atmosphere and then deposited to landscape and 
soil.   

Lead-210, a naturally occurring 
radionuclide (half-life 22.2 years), is a product of 
the 238U decay series, derived via a series of other 
short-lived radio nuclides from the decay of 
gaseous 222Rn (half-life 3.8 days), the daughter of 
226Ra (half-life 1622 years). The 210Pb content of 
soils and rocks produced by the natural in situ 
decay of 226Ra is termed ‘supported’ 210Pb because 
it is in equilibrium with its parent. However, 
upward diffusion of a small proportion of the 222Rn 
produced naturally in soils and rocks releases 222Rn 
to the atmosphere, and the subsequent fallout of 
210Pb provides an input to surface soils and 
sediments which is not in equilibrium with 226Ra. 
Such fallout 210Pb is commonly termed ‘excess’ or 
‘unsupported’ 210Pb (Robbins, 1978). Because of its 
natural origin, the deposition of fallout 210Pb has 
been essentially constant through time. Relatively 
little is currently known about the global 
distribution of fallout 210Pb, although in a review of 
existing data on 210Pb deposition fluxes for different 
areas of the world, Appleby and Oldfield (1992) 
indicate that such fluxes are greater over the land 
than over the ocean and lower over the western 
margins of continental land masses, due to the 
predominant west to east trajectory of air mass 
movement. The same authors report an average 
deposition flux for the world of 118 Bq m-2 year-1, 
with values generally lying in the range 50–150 Bq 
m-2 year-1.  
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The study reported here aims to determine 
the soil redistribution with fallout radionuclides 
(137Cs and 210Pb) in cultivated region at Gediz 
Basin, Turkey. The proportional Model and mass 
balance models were used to quantify the erosion 
and deposition rates in these regions by using 137Cs 
and 210Pbex measurements respectively. 

MATERIALS AND METHODS 

GEOGRAPHICAL PROPERTIES OF 
STUDY AREA 

The Gediz Basin is located at the Aegean 
Region of the western Turkey. The basin lies 
between northern latitudes of 38° 04’ — 39° 13’ 
and southern longitudes of 26° 42’ — 29° 45’. . 
The cultivated study area, Karkın Village, is located 
in the east of the basin (Figure 1). The Gediz Basin 
covers 2.2% (1.721.895 hectare) of the total area of 
Turkey. A typical Mediterranean climate prevails in 

the basin and towards the insides different climatic 
characters are seen. Gediz basin has very rich 
agricultural soils formed by the Gediz River. The 
basin fairly productive for agriculture so various 
agricultural crops are grown on the alluvial soils, 
present between the mountains lying in the east-
west direction of the Basin. Ploughed and cultivated 
areas comprise 37.40% of the basin. The fact that 
annual average of precipitation is around 450–1060 
mm, and that the period of plant maturing is 
relatively short, (176–184 days) allows almost all 
cultural plants to be grown (Bolca, Saç, Çokuysal, 
Karalı & Ekdal (2007). 

There are 14 types of soil groups in the 
Gediz Basin and the majors are 28,27% calcareous 
forest, 48,9% stony soils, complicating cultivate the 
soil, and 2.3% coarse textured soils, low water-
holding capacity. So that 45-50 percent of basin is 
used for agricultural process and it supports the 
considerable amount of Turkey’s agricultural need. 
Yet it has suffering from soil erosion.  

FIGURE 1 
General view of the Karkın Village, Gediz Basin 

Soil sampling. The sampling strategy and 
sampling design depend on the aim of the study and 
the environmental conditions (Pennock and 
Appleby, 2002). In this study, samplings were 
based on the intersections of grids with 20x30 m 
spacing 35 bulk soil samples were collected for 
cultivated region. Bulk soil samples were collected 

from 20x20 cm area within 25 cm depth from 
intersection points of the regions. The slope of area 
was obtained as 12% for cultivated area. The 
organic matter, pH, salinity, humidity and 
carbonate contents were determined from the bulk 
samples (Table 1). In addition, reference, 
deposition and erosion cores were sampled to 
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characterize the depth distribution of 137Cs and 210Pb concentrations.  
 
 

TABLE 1 
The mean values of chemical parameters in Karkın Village 

 
Area of Karkın Organic matter (%) pH Salinity (%) Humidity (%) Carbonate (%) 

Cultivated (n=35) 1.70 7.62 0.05 8.73 11.7 
n: number of samples 
 
 
Reference areas were stated on 

uncultivated agricultural lands near the selected 
areas according to Zapata (2002) for core sampling. 
Zapata stated some basic rules for reference region 
and three of them as; i) The ideal reference site has 
experienced neither soil loss nor sediment 
deposition; the inventory reflects only the 
atmospheric inputs of the specific radionuclide and 
its decay through time. Level sites that do not 
receive flows from upslope positions are the 
preferred locations. ii) Protected areas such as 

parks, ceremonial areas, burial grounds are 
commonly used for reference sites although clearly 
some cultural sensitivity is required. and iii) The 
reference site should be located as close as possible 
to the disturbed sitesthat are to be sampled   

Core samples were obtained with the 
10x50x8 cm iron mold (Figure.2) and were cut into 
2 cm and 5 cm increments in order to see the depth 
distributions of unsupported 210Pb and 137Cs 
concentrations. 

 
 

 
 

FIGURE 2 
The placed iron mold for core samples  

 
 
LABORATORY ANALYSIS 

 
Gamma spectrometric analysis for 137Cs. 

The soil samples were dried at 1050C, sieved from 
600 µm, mixed, weighted and put in the Marinelli 
beakers (1,200 mL) with 1,500 g weight. 

Tennelec/Nucleus HPGe (184 cc) planar 
type coaxial intrinsic germanium detector was used 
for direct gamma assay. 137Cs activities were 
measured with its 662keV emissions. Each sample 
was counted for 20,000 s. 137Cs standard of 
Amersham (Certificate no. 317776-3 of sealed 
radioactive sources) was used to determine the 
efficiency of the spectrometer. 

 

 
 
Alpha spectrometric analysis for 210Pb. 

Measurements of 210Po were realized through its 
5.30 MeV alpha particle emission, using 209Po (4.88 
MeV, t1/2: 109 y) as the internal tracer. After 
standard addition of 0.1 Bq mL−1, 1 g of each 
sample was completely dissolved with concentrated 
HNO3 and HF under heating at 55 °C on a hot plate 
and evaporated to dryness. After this step, 
concentrated HCl was added and evaporated to 
dryness three times (HNO3:HF:HCl=1:1:10 mL). 
Polonium was spontaneously plated on copper disks 
in 0.5 M HCl in the presence of ascorbic acid to 
reduce Fe+3 to Fe+2 (Flynn, 1968). The recovery 



by PSP Volume 25 – No. 1/ 2016,  pages 307-315  Fresenius Environmental Bulletin    
 
 

310 
 

 

rates of standardized tracer for the soil samples 
varied from 70% to 90%. Alpha activities were 
measured using Ortec Octete Plus with 450 mm2 

ULTRA-AS Detectors. Concentrations of 210Po in 
all the samples were well above the detection limit 
(0.0003 Bq). Sample count times were 86,400 s, 
with counting errors in the order of ±10% or less. 

After the first deposition of 210Po, the 
residual 0.5 M HCl was kept for one year to allow 
210Po in-growth from the 210Pb contained in the 
solution to search supported 210Pb in the samples. 
The samples were re-plated and the 210Po activities 
were determined. Well known Bateman equations 
were used to obtain 210Pb activity from measured 
210Po activity (Bateman, 1910; Cetnar, 2006). The 
second deposition provided information on the 
210Pb content of the samples and hence on the 
extent to which the initial 210Po was supported by 
its grandparent. 

 
 

MATHEMATICAL MODELS USED 
IN THE STUDY 

 
The proportional model for 137Cs. The 

reference inventories at the sampling area should be 
higher than the erosion region and higher than the 
deposition sites to apply the 137Cs model. So it is 
observed that some sampling points’ 137Cs 
inventories are lower than reference inventory 
showing the soil loss while some points getting 
higher for deposition areas. The proportional model 
was used widely for 137Cs to calculate the soil loss 
and deposition rate all over the world. It is based on 
the assumption that 137Cs fallout inputs are 
completely mixed within the plough or cultivation 
layer and that soil loss is directly proportional to the 
reduction in the 137Cs content in the soil profile 
(Saç, Uğur, Yener & Özden, (2008). The mean 
annual soil loss rate Y (t ha–1 y–1) can be written as 
follows: (Walling and He 199a) � = ��[ − − � 1�−1963 ]             (1) 
where  
X = the percentage reduction in total 137Cs 
inventory (defined as (Aref – A)/Aref · 100) 
d =  the depth of the plough or cultivation layer (m) 
B = the bulk density of the soil (kg m-3) 
t = the time elapsed since initiation of 137Cs 
accumulation (since 1963) (year) 
Aref  = the local reference inventory (Bq m-2)  
A = the total inventory measured at the sampling 
point (Bq m-2). 
 

The mass balance model for 210Pb. The 
mass balance conversion model (Walling and He, 
1999b) was used to estimate the soil redistribution 

rates (kg/m/year) from the unsupported 210Pb 
inventories associated with collected soil samples. 

Following Walling and He the change in 
the activity of accumulated 137Cs or 210Pbex A(t) (Bq 
m-2) per unit area with time t (yr) at an eroding site 
can be represented as:  

dtetIetAtA
t

t

ttDPRdtDPR
t

t  



0

,
0

,
))(/(,)/(

0 )()1()()(    (2) 

where  
R= mean annual erosion rate (kg m-2 yr-1)  
D = mass depth representing the average plough 
depth (kg m-2)  
l= decay constant for 137Cs or 210Pbex (yr-1)  
I(t) =annual 137Cs or 210Pbex deposition flux (Bq m-2 
yr-1)  
  = proportion of the freshly deposited 137Cs or 

210Pbex fallout removed by erosion before being 
mixed into the plough layer  
P = particle size correction factor  
t0 (yr) = year when cultivation started  
A(t0) (Bq m-2) = 210Pbex or 137Cs inventory at t0. 

 
  can be expressed as 

)1( / HReP                     (3) 
 
γ is the proportion of the annual 137Cs or 210Pbex 
fallout susceptible to removal by erosion prior to 
incorporation into the soil profile by tillage and is 
dependent on the timing of cultivation and the local 
rainfall regime; H (kg/m2) is the relaxation mass 
depth of the initial distribution of the fallout 
radionuclide in the soil profile, which can be 
determined experimentally for local conditions (He 
and Walling, 1997). 

According to mass balance conversion 
model the following parameters were obtained from 
the studying area. An average plough depth  (D) of 
220 (kg m-2) (corresponding to an average bulk 
density and a plough depth ), a value of the 
relaxation mass depth (H) equal to 98.04 (kg m-2) 
(it was derived from the graph of the lnA of 210Pb of 
reference core vs relaxation mass depth) , a value of 
γ equal to 0.14  based on the relationship between 
the timing of cultivation and the rainfall regime of 
the sampling area and also  210Pb decay constant 
0,0311 (y-1) was used. A particle size correction 
factor P of 1.4 was calculated by considering the 
enrichment of the eroded soil in fines relative to the 
source material. And also annual fallout 210Pb 
deposition was determined as 116 (Bq m-1 year-1). 
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RESULTS AND DISCUSSION 
 

137Cs AND 210Pb IN CORE AND BULK 
SAMPLES 

 
The results of distribution of 137Cs and 

210Pb radionuclides in the reference are presented 
graphically in Figure. 3. The 137Cs and 210Pb 
concentrations were obtained between 0,4 – 24 Bq 
kg-1 and 17-58 Bq kg-1 respectively. It is shown in 

Figure 3 that the activity concentrations of 
radionuclide in soil decrease regularly with 
increasing depth on reference. This observation 
shows that 137Cs and 210Pb are deposited on the soil 
from the atmosphere and 210Pb is able to move 
down to a maximum depth of about 20 cm in the 
soils of study points. Thus, 210Pbex was defined as 
up to 20 cm and the mean 210Pbex concentration in 
this region was determined 20 Bq kg-1.  

 
 

 
 

FIGURE 3 
The 210Pb and 137Cs concentrations with depth in reference 

 
 
The 137Cs and 210Pb concentrations of 

erosion and deposition side of cultivated field were 
showed in Figure 4 and Figure 5. The inventories of 
210Pb were determined as, 3723 Bq m-2,2544 Bq m-2 
and 4138 Bq m-2 in reference, erosion and 
deposition respectively. Also the inventories of 

137Cs were determined as, 3162 Bq m-2,2285 Bq m-2 
and 6272 Bq m-2 in reference, erosion and 
deposition sides. It is shown that the total 
inventories of the erosion regions decreasing while 
the deposition regions increasing according to 
reference region. 
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FIGURE 4 

  The 210Pb and 137Cs concentrations with depth in erosion 
 
 

  
 

FIGURE 5 
  The 210Pb and 137Cs concentrations with depth in deposition 
 
 

The inventories of 137Cs and 210Pb in bulk 
samples sites are found to vary between  178-2851 
Bq m-2 (mean 1667 Bq m-2) and 828-7395 Bq m-2 

(mean 2759 Bq m-2) respectively. The inventories 
spatial distributions are showed in Figure 6.   
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FIGURE 6 
The spatial distributions of 210Pb and 137Cs inventories 

 
 

DETERMINED EROSION AND 
DEPOSITION RATES 
 
The distributions of 137Cs and 210Pb 

activities as a function of the soil depth in the 
reference, erosion and deposition sites were studied 
to acquire information on the behavior of 137Cs and 
210Pb fallouts within the soil. The 137Cs and 210Pb 
activity concentrations in the profiles for the 
reference site shows a sharp decrease with 
increasing depth an exponential function. It is seen 
that the 137Cs concentration was quite equally 
distributed throughout the plough layer (20 cm 
from the surface) in erosion parcel. This shows that 
the soil is mixed properly due to the cultivation 
activities in the field.  

The average erosion and deposition rates 
in the region were determined in 35 bulk samples 
according to the proportional model for 137Cs and 
the mass balance model for 210Pb. The erosion rates 
were obtained  between 5,9 ile 78,9  t ha-1y-1 (mean 
25,8 t ha-1y-1) while the depositions ranged from 4,1 
to 16,4 t ha-1y-1 (mean 10,8 t ha-1y-1) by the 
proportional model.  In addition, the erosion and 
deposition rates were determined as, 1,16 - 176,89 t 
ha-1y-1 (mean 54,05 t ha-1y-1) and 12,81-13,32 t ha-

1y-1 (mean 13,07 t ha-1y-1) according to the mass 
balance model respectively.   The 2D distributions 
of erosion and deposition rates are presented in 
Figure 7.  
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(a) 

 
(b) 

 
FIGURE 7 

The erosion rates of  agricultural land according to (a) the mass balance model and (b) the 
proportional model 

 
 
 
CONCLUSION 

 
Soil redistribution rates were determined 

using the proportional and the mass balance models 
for 137Cs and 210Pbex on a cultivated slope located 
near the Karkın Village in Gediz Basin. The highest 
inventories of 137Cs and 210Pbex were observed at the 
bottom of the slope and the lowest ones were 
determined at the top of the region.  By combining 
the estimates of soil erosion rates provided by the 
137Cs and 210Pbex measurements, the mean soil loss 
were estimated 25,8 t ha-1y-1 and 54,05 t ha-1y-1 
respectively. The estimated values are classified the 
studied area as risked region according to The 
Ministry of Forestry and Waterworks of Turkey.  
The soil erosion rate for the cultivated soil of 
Karkın showed that some farming practices, 
ploughing parallel to slope, should be changed to 
reduce the soil loss in valuable cultivated region. 
This study is first one to estimate the soil erosion by 
210Pbex in Gediz Basin and the further studies will 
be planning to do. 
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ABSTRACT 
 
Batch experiments were used to study the adsorption 

characteristics of nitrate on magnetic ion exchange resins 
(MIEX®), the distribution of nitrate in groundwater was 
investigated in the meantime. In addition, the material 
was characterized, and the effects of coexisting anions 
and organic matter on the adsorption properties were 
determined. The results showed that the content of nitrate 
in Xuzhou city was about 20mg/L, especially higher than 
25mg/L in rainy season. MIEX® could effectively remove 
nitrate from groundwater. At 288 K and 298 K, the ad-
sorption trend was well fitted by the Langmuir isotherm. 
The exchange capacity of the MIEX resin was determined 
to be 14.62 mg-N/g, which was tested by flowing 20 mg-
N/L solution. To reach the MIEX saturation adsorption, a 
0.6-M NaCl solution was used to satisfy the elution. The 
MIEX resin dose clearly affected the nitrate adsorption, 
where the maximum adsorption per unit of resin volume 
was 10 mL-resin/L. The following major anions in order 
reduced the nitrate adsorption: SO4

2- > CO3
2- >Cl- > 

HCO3
-. However, humic acid did not have a clear effect 

on nitrate removal. The experimental results using ground 
water verified that the MIEX resin can be used as a new 
nitrate removal technique for water treatment. 

 
KEYWORDS:  
Nitrate, Drinking water, MIEX, Groundwater 

 
 
INTRODUCTION 
 
Groundwater is the vital water source all over the 

world. If pollution exists in the groundwater, then the 
difficulty and cost in governing these problems are chal-
lenging to solve. In particular, nitrate contamination not 
only affects the surface but also the groundwater, which is 
becoming an increasingly more important world prob-
lem[1,2]. Groundwater is being contaminated by both hu-
man and animal wastes, excessive use of chemical ferti-
lizers and industrial wastewaters; all of which elevate 
nitrate concentrations[3].  

This issue has been garnering more and more atten-
tion[4-7]. Excessive nitrate levels can cause several health 
problems. The effect of nitrate itself is described as pri-

marily toxic. A high intake causes abdominal pains, diar-
rhea, vomiting, hypertension, increased infant mortality, 
central nervous system birth defects, diabetes, spontane-
ous abortions, respiratory tract infections, and changes to 
the immune system, which is compromised due to reac-
tive nitrite ions via intestinal bacteria. Nitrate has been 
implicated in methemoglobinemia, particularly in infants 
less than six months of age[8,9]. Methemoglobin (MetHb) 
is formed when nitrite (for our purposes, formed from the 
endogenous bacterial conversion of nitrate from drinking 
water) oxidizes ferrous iron in hemoglobin (Hb) into 
ferric form. MetHb cannot bind with oxygen, and the 
condition of methemoglobinemia is characterized by 
cyanosis, stupor, and cerebral anoxia. Symptoms include 
an unusual bluish gray or brownish gray skin color, irrita-
bility, and excessive crying in children at moderate 
MetHb levels and drowsiness and lethargy at higher lev-
els. 

To protect consumers from the adverse effects asso-
ciated with high nitrate intake, nitrate consumption should 
be limited, and therefore, standards have been established 
[10-12]. According to TSE 266, WHO, EC standards, drink-
ing water must contains no more than 50 mg/L of nitrate, 
and the EPA established a maximum contaminant level of 
45 mg/L. The European Community recommends levels 
less than 25 mg-N/L [13] 

The magnetic ion exchange (MIEX®) resin, which 
was jointly developed by Orica Watercare, Common-
wealth Scientific Industrial Research Organization and the 
South Australian Water Corporation, is a strong base 
anion exchange resin with magnetic properties that can be 
used to remove negatively charged materials from water 
[14,15]. 

In this paper, the adsorption properties of MIEX for 
nitrate removal were investigated. Column performances 
of the resin for nitrate removal from aqueous solutions 
and ground water were also studied. 

 
 
MATERIALS AND METHODS 
 

   Underground water sample was taken from Xuzhou 
city in Jiangsu province of China. 

The magnetic ion exchange resins were kindly pro-
vided by the China Agent of the Australian company Orica 
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Watercare. This magnetic ion exchange resin is a strong 
basic anion resin with a macroporous, polyacrylic matrix 
and is typically used with chloride as the exchangeable ion. 
The first advantage of the MIEX resin is the high surface 
area of the resin beads, which can be used to facilitate ion 
exchange in mixed or fluidized bed reactors at extremely 
low resin concentrations and short detention times. Moreo-

ver, the magnetic properties of the resin beads result in the 
beads forming agglomerates that settle rapidly or fluidize at 
high hydraulic loading rates, which results in small unit 
process footprints. The physical properties and 
specifications of the MIEX resin are given in Table 1. The 
functional groupings of the MIEX resin are quaternary 
ammonium, which has a high selectivity for nitrate. 
 

 
TABLE 1 

Typical physical and chemical indicators of the magnetic resin 
Humidity 60-65% 
Wet superficial density Approximately 1.15 g/mL 
Granulometry Approximately 180 μm 
Exchangeable ion Cl- 

Skeleton Polypropylene cross-linked with DVB of the 
macroporous type 

Functional groupings Quaternary ammonium 
Pore size Majority less than 10 nm 
Limits of pH 1-14 

 
 
Reagents. Humic acid, sodium sulfate, sodium ni-

trate, sodium carbonate, sodium chloride, sodium bicar-
bonate, and cellulose acetate membrane (0.45 μm) are the 
chemicals used in this study (analytic reagent grade) and 
purchased from Zhongdong Chemical Reagent Company 
(Nanjing, China). 

Experimental apparatus and equipment. An ul-
traviolet spectrophotometer, coagulation test mixer, mag-
netic stirrer, peristaltic pump, pure water machine, ion 
chromatography, scanning electronic microscope, Fourier 
transform infrared spectrometer, specific surface area and 
pore size analyzer were all used in this study. 

 
EQUILIBRIUM STUDIES 
 
The equilibrium studies were conducted in batch 

mode. A fixed dosage (10 mL) of the MIEX resin was 
added into a set of beakers that contained 1000 mL of 
nitrate at different concentrations (5, 10, 15, 20, and 30 
mg/L). Then, the beakers were sealed with parafilm and 
kept on a digital display stable temperature magnetic 
stirrer (78HW-1). The slurries were mixed at a constant 
agitation speed of 120 rpm. The aqueous samples were 
removed at preset time intervals, and the solid adsorbent 
was separated from the mixture using a 0.45-μm cellulose 
acetate membrane. Then, the amount of nitrate ions re-
maining in the filtrate was determined. To compare the 
equilibrium process with the initial nitrate concentrations, 
similar equilibrium experiments were performed at differ-
ent temperatures (288 K, 289 K).  In these experiments, 
the pH of the nitrate solution remained the same. All the 
experiments were performed in triplicate, and the average 
values are reported herein. 

The Langmuir adsorption isotherm model (Eq. (1)) is 
valid for monolayer sorption on a surface with a finite 
number of identical sites and can be described by 

e

e
e bC

CQ
Q




1
b0   (1) 

where Ce is the equilibrium concentration (mg/L), Qe 
the amount adsorbed at equilibrium (mg/g), and Q0 and b 
are the Langmuir constants related to the capacity and 
energy of adsorption, respectively. The Langmuir adsorp-
tion isotherm model can be rearranged as follows: 
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The Langmuir adsorption isotherm plot and the line-
ar plot of Ce/Qe vs. Ce indicate the applicability of the 
Langmuir adsorption isotherm [14-16]. 

The Freundlich model, which is an indicator of the 
surface heterogeneity of the sorbent, is given by 

n
efe CKQ

1
    (3) 

The Freundlich equation can be linearized by a loga-
rithmic transfer: 

 efe C
n

KQ log1loglog    (4) 

where Kf and 1/n are the Freundlich constants relat-
ed to the adsorption capacity and adsorption intensity, 
respectively[14-16].  

 
Analysis method. The solution concentration of 

NO3-- N was determined by an ultraviolet spectrometer. 
The solutions of sulfate, chloride ion, carbonate ions, etc., 
were determined by ion chromatography. Before these 
ions were determined, the ion chromatography used gra-
dient elution to remove the impurities at a fixed washing 
speed of 1.0 mL/min. Firstly, 30.0 mmol/L of NaOH 
flowed for 2 minutes. Afterwards, 5 mmol/L of NaOH 
flowed through the machine for 5 minutes. Finally, 30 
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mmol of NaOH was used to wash the chromatographic 
column for 3 minutes. A 1-ml insoluble sample was then 
obtained via a cellulose acetate membrane (0.45 μm). 
After filtration, the sample was poured into a chromato-
graphic column, and a curve appeared after 10 minutes of 
analysis. The ion species were determined by the different 
retention times, and the ion concentrations were deter-
mined by the peak area.  
 
 
 
 
 

RESULTS AND DISCUSSION 
 

The quality of raw water. The quality of water 
used in the test is shown in Table 2. The water was typical 
nitrate-polluted groundwater, with a concentration of 
approximately 18 mg-N/L. Generally, the ground water 
hardness is higher than that of surface water, and thus, the 
concentration of carbonate ions and bicarbonate ions will 
significantly affect nitrate removal. The major organics 
are humus at a low concentration level, and the measured 
the DOC was approximately 5 mg/L. 

 
TABLE 2 

Test result of water quality 
 

pH Turbid-
ity 

NO3
--

N mg/L  
SO4

2-

mg/L  
Cl-

mg/L  
CO3

2-

mg/L  
HCO3

-

mg/L  
DOC(m

g/L) 
7.3

-7.8 
0.47-

0.65 17.4-29.5 50.5-
62.3 

25.6-
35.6 - 156.8-

261.5 0.6-0.8 

 

For further investigate the variation regularity of the 
nitrate, the contents of nitrate in the raw water were ex-

amined monthly during the phase of 2010.1-2013.12, the 
results was shown in figure1. 
 
 

 
FIGURE 1 

Variation of the nitrate’s content in the groundwater with time 
 
 

As shown in fig.1, the content of nitrate in the 
groundwater was mainly around 20mg/L, which was 
higher than the recommended value of WHO(10mg/L). In 
addition, the content was relatively stable for the investi-
gated several years. However, there existed a similar 
variation regularity as to the month’s value in one year. 
The content of nitrate was relatively higher in June, July, 
August and September than other months, the reason may 
lies in the derivation of nitrate in the groundwater. Xu-
zhou city lies in the core zone of Huang-Huai-Hai Plain, 
which is the typical Cultivated Region of China. Due to 
higher rate of fertilizer application, a mount of residual 

nitrogen existed in the soil. When rain fall into ground, 
some nitrate may dissolve into the groundwater, which 
cause the higher concentration of nitrate in rainy season 
(June, July, August and September). 

 
Adsorption isotherm. The adsorption isotherm is a 

relationship curve that describes the nitrate adsorption 
characteristics when adsorption equilibrium is reached at 
a constant temperature [14-16]. The adsorption isotherm 
typically provides several insights into the sorption mech-
anism, surface properties and affinity of the adsorbent. 
The results of the adsorption equilibrium of nitrate for the 
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MIEX resin at 288 K and 298 K are given in Figure 2. 
The equilibrium data were fitted by the Langmuir and 

Freundlich isotherm models in Table 3. 
 

 
 

FIGURE 2 
Fitted Langmuir adsorption isotherms of nitrate on the MIEX resin 

 
 

 
 

FIGURE 3 
Fitted Freundlich adsorption isotherms of nitrate on the MIEX resin 

 
 

TABLE 3 
Constants and correlation coeficients of the Langmuir and Freundlich isotherm models 

 
Models Constants R2 

Langmuir 288K 

e

e
e bC

CQ
Q




1
b0  Q0=13.27 mg-N/L b=0.64 0.985 

298K Q0=13.63 mg-N/L b=0.75 0.977 

Freundlich 
288K 

n
efe CKQ

1
  

Kf=8.7 1/n=0.52 0.884 
298K Kf=7.2 1/n=0.52 0.878 

 
 
The results show that the adsorption of nitrate on the 

MIEX resin agreed well with the Langmuir isotherm. The 
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Langmuir model explains that only monolayer adsorption 
occurs on the surface of the MIEX resin in the process of 
removing nitrate.  

Effect of resin dose. To determine the optimum 
amount of resin dosage that can completely remove ni-
trate from aqueous solutions, a batch-mode sorption study 
was performed using various amounts of resin. The pre-

pared initial nitrate concentration was 20 mg-N/L. Figure 
4 shows the removal of nitrate as a function of resin dos-
age. In general, an increase in resin dosage increased the 
percentage removal of nitrate; however, the greatest re-
moval rate per unit of volume was obtained at a dosage of 
10 mL MIEX. 

                                                                                      
 

 
 

FIGURE 4 
Effect of resin dose on the removal of nitrate ions from an aqueous solution. 

 
 
Effect of bed volume. The preliminary column stud-

ies were prepared using a model solution of 20 mg-N/L. 
The solution was passed through the column at a constant 
speed. The breakthrough curve of nitrate obtained using 
the MIEX resin is given in Figure 5. Outflow was collect-
ed in a container, and after determining the volume and 
concentration of the solution, the exchange capacity was 
calculated as 12.62 mg-N/L, which agrees with the con-
clusion from the Langmuir isotherm. 

Solutions with varying NaCl concentrations were 
prepared to regenerate the MIEX resin, which had been 
saturated with nitrate. The nitrate adsorption on the resin 
was in contact with various concentrations of NaCl solu-
tions. The results are given in Figure 6. As seen in Figure 
6, the elution of nitrate increased as the NaCl concentra-
tion increased; however, at a concentration greater than 
0.6 M NaCl, the tendency is inconspicuous, and the 
achieved regeneration rate is approximately 92%. 
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FIGURE 5 

Breakthrough curve of nitrate obtained by the MIEX resin 
 
 

 
 

FIGURE 6 
Effect of NaCl concentrations on NO3--N removal 

 
 
Effect of coexisting anions. A variety of inorganic 

anions at high concentrations, such as sulfate, carbonate, 
chloridion, and bicarbonate, are often present in ground 
water. In this study, the effects of different anions (SO42-, 
CO32-, Cl- and HCO3-) on nitrate removal were investi-
gated by varying the type of anion with the same equiva-
lent concentration ratio to nitrate. The results are shown in 
Figure 7. The initial concentration of nitrate was 20 mg-
N/L in all the experiments. 

The two sulfate ions, the carbonate ions and the chlo-
ride and bicarbonate ions significantly affected the break-

through curves of nitrate. Interactions between nitrate ions 
and the ions on the MIEX resin were hindered in the pres-
ence of coexisting anions. The breakthrough point of 
nitrate shifted more with the presence of sulfate ions than 
that in the presence of other coexisting ions at the same 
equivalent concentration, which is mostly related to the 
charges of the ion. For carbonate ions, not only to they 
compete with nitrate in the solution, they can also change 
the pH of the solution, which can affect the ability of the 
MIEX resin to remove nitrate. As the concentration of 
chloride increases, the original equilibrium is broken and 
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clearly shifts towards removing less nitrate. In short, the 
coexisting anions negatively affect the ability of the 
MIEX resin to remove nitrate because the exchange sites 
on the MIEX surface are limited, and therefore, the coex-

isting anions are in direct competition with the nitrate. It 
can also be observed in Figure 7 that the impact of each 
type of anion on the nitrate removal is different and can 
be ordered as follows: SO4

2- >CO3
2->Cl- >HCO3

- 

 
 

 
 

FIGURE 7 
Effect of sulfate, carbonate, bicarbonate and chloride ions on NO3--N removal by the magnetic resin 

 
 

Effect of natural organic matter. Natural organic 
matter (NOM) has a significant impact on water quality. 
Humic acid (HA) is a naturally occurring macromolecular 
organic matter, which is ubiquitous at low concentrations 
in ground water. MIEX resins have been shown to be 
effective for HA removal [17]. 

In this study, the HA concentrations of the prepared 
solution were 1.0, 1.5, and 2.0 mg/L. The results of the 

HA effect on nitrate removal are shown in Figure 8. The 
initial concentration of nitrate was 20 mg-N/L in all the 
experiments. The almost coinciding curves indicate that 
HA did not have a clear effect on removing nitrate com-
pared with the coexisting anions removal by the MIEX 
resin. It is thus feasible that MIEX resins can be used to 
remove nitrate in ground water. 

 

 
 

FIGURE 8 
Effect of organic on NO3--N removal by the magnetic resin 
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Column removal of nitrate from ground water.  
The test parameters are shown in Table 4. The results of 
the column removal of nitrate from ground water are 
shown graphically in Figure 9. As seen in Figure 9, nitrate 
was successfully removed from ground water containing 
other anionic species, such as bicarbonate, chloride and 

sulfate ions. In the cycling test, after 9 cycles, the curve 
became level, where the bed volume was approximately 
500BV; approximately 60% of the nitrate was removed. 
The outflow quality satisfies the standards for drinking 
water.  

 
 

TABLE 4 
Test parameters 

 
Column diameter Expansion rate Flow MIEX initial dosage MIEX refresh 
5 cm 100% 0.25 L/min 300 mL 15 mL/0.5 h 

 
 

 
 

FIGURE 9 
Test result of groundwater cycling 

 
 
CONCLUSION 

 
In this study, the removal of nitrate from aqueous so-

lutions was investigated using MIEX resins. Nitrate con-
tent of groundwater in Xuzhou city was about 20mg/L, 
especially higher than 25mg/L in rainy season. The re-
moval of nitrate increased as the resin dose increased. The 
adsorption process obeys the Langmuir isotherm. The 
impact of each type of anion on the nitrate removal is 
different with the following order: SO4

2- >CO3
2->Cl- 

>HCO3
-. At low concentrations, natural organic matter 

has only a slight effect on nitrate removal. The specific 
resin, the MIEX resin, gave promising results for column-
mode removal of nitrate from ground water. As a result, 
ground water containing a lower nitrate concentration 
than the permissible level for drinking water is obtained 
using the MIEX resin. The ion exchange process using 
MIEX resins can be applied more widely and economical-
ly for ground water nitrate removal. 
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ABSTRACT 
 

The aim of this study was to develop a Fuzzy 
Inference System (FIS) to optimize the water 
requirements as per standards for irrigation 
purposes.There are three major inputs in FIS 
including water quality, field capacity and water 
quantity while one output named as optimized 
irrigation. Firstly water quality FIS was developed 
by using three important such as electrical 
conductivity (EC), pH and sodium absorption ratio 
(SAR) with excellent, good, permissible and 
harmful membership functions for inputs and same 
for output. To create fuzzy inference system for 
water quantity, five membership functions were 
developed as very low, low, middle, high and very 
high considering the discharge of water available in 
the Sakarya River, Turkey and  low, medium and 
high as fuzzy membership functions for field 
capacity were also developed. To complete the FIS 
of the study, very low, low, medium, high and very 
high fuzzy membership functions were developed 
for a fuzzy optimized irrigation as the output of the 
system and the main finding of the study. In this 
study a practical solution based on FIS is presented 
for Sakarya River Basin in Turkey to meet 
irrigation objectives locally. The findings clearly 
indicate that fuzzy logic method may successfully 
interpret complex conditionsto classify the 
optimized irrigation with respect to water quality, 
water quantity discharge and soil filed capacity. 
The developed fuzzy model was validated by using 
data collected from Pamukova, Doğançay and 
Adatepe three monitoring stations of Sakarya River 
during 1993-2013. 
 
KEYWORDS:  
Electrical conductivity (EC), Fuzzy logic, Field capacity, 
Irrigation, pH (Hydrogen proton concentration), SAR 
(Sodium Absorption Ratio), Optimization. 
 
 

INTRODUCTION 
 
Irrigation is defined as replenishment of soil 

water storage in plant root zone using methods 
other than natural methods such as precipitation [1]. 

Irrigation has seen its roots in the history of 
mankind since earliest beginning. Irrigation helps to 
reduce the uncertainties, particularly the climatic 
uncertainties in agriculture practices [2]. 

 
For example equatorial part of the world 

which mostly was used to have high rainfall 
intensities has a mean rainfall of 900 mm a year and 
according to projections rainfall would be of 630 
mm a year which may speed up the expansion of 
dry area. In this regard, many plants must adapt 
themselves to new climate conditions and improve 
their management strategies of available water 
resource; highly water optimizing irrigation 
methods are required [2]. 
 

Therefore, it is necessary to implement 
efficient irrigation systems by using strategies of 
water resource to assure food safety in regions and 
environmental sustainability [3]. With other 
strategies, approximations to modeling studies 
happened to required and require nowadays new 
abstractions allowing improving our nature 
predictive skills and consequently striving for a 
sustainable development [4]. The application of 
system known as intelligent systems in Agricultural 
Sciences studies is relatively recent in comparison 
to other knowledge areas like electronic 
engineering, electric engineering, mechatronics and 
telecommunications.  
 

Huang [5] insured that intelligent systems are 
an integration of biological structures with 
computing techniques. In agricultural sciences 
worldwide fuzzy logic is used for modeling and 
prediction, control, classification, fuzzy clustering, 
rule based inference, multisensory data fusion, 
optimization [6]. Finally, this work aimed to 
implement fuzzy logic system as a tool to evaluate 
the optimization of irrigation systems from a set of 
indicators for efficient use of water. 
 
 

MATERIAL AND METHODS 
 

This research was carried out by students from 
two departments, civil and environmental 
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engineering departments.  To be able to implement 
the projects, some important indexes in irrigation 
such as: Water Quality, Field capacity, Water 
Quantity Discharge were studied and used for the 
simulated project. 

 
Water quality. Both irrigation water quality 

and appropriate irrigation management are 
significant factors to maximize crops production. 
The quality of irrigation water may influence soil 
physical conditions as well as crops yield, although 
all other parameters and practices are optimal. 
According to American Public Health Association, 
irrigation water characteristics differ with the 
source of the water [7]. Therefore, testing of 
irrigation water is a critical and important parameter 
that must be consider before the selection of crop 
type and soil site [8]. The quality of some water 
sources may change significantly with time or 
during certain periods such as in dry or rainy 
seasons [9] so it is recommended to take more than 
one sample and must be analyzed, in different time 
periods. The parameters which determine the 
irrigation water quality are divided in to three 
categories: chemical, physical and biological. In 
this study, chemical properties of the irrigation 
water are discussed. The chemical characteristics of 
irrigation water refer to the content of salts in the 
water as well as to parameters derived from the 
composition of those salts in the water parameters 
such as EC/TDS (Electrical Conductivity/ Total 
Dissolved Solids), SAR (Sodium Adsorption Ratio) 
alkalinity i.e pH and hardness. 

 
Field capacity. Field Capacity (FC) is the 

amount of water in the soil layer that can be easily 
used by the plant for its growth different from 
gravitational water and wilting point[3]. FC for 
irrigation is an important factor providing an idea 
about water requirement of soil in order to avoid 
over irrigation which may cause leaching and 
lodging of soil layers [5]. 

 

Water quantity discharge. Without a certain 
source of water irrigation can’t be performed and if 
the source is with seasonal regime (means available 
only for some time) also irrigation performance 
through a year is very critical [10].It means the 
source of water for irrigation is very important for 
plants growth, their production and sustainable use 
of water. 

 
Design of fuzzy inference system (fis). In 

case of imprecise, vague, incomplete, ambiguous or 
noisy input information of water sources where by 
global climate change nowadays it is very hard to 
predict with exactitude about rainfall, hence FIS is a 
tool that allows arriving at a conclusion in a simple 
way, trying to simulate expert knowledge of a 
human being. In this work three variables such as 
water quality, field capacity and water quantity 
were considered to develop FIS. Firstly water 
quality was analyzed by an environmental 
engineering team, keeping pH, Electrical 
Conductivity (EC) and Sodium Absorption Ratio 
(SAR) as inputs. 
After the simulation and set of membership 
function for water quality, it was used as input 
along with field capacity and water quantity for the 
final simulation to optimize irrigation system. 
Membership functions of different inputs were 
fixed in FIS according to literature review and 
interview with field experts and their experiences in 
civil engineering based project. For this purpose, 
Fuzzy Logic toolbox in Matlab was used to 
construct FIS, wheremembership’s ranges, active 
rules functions are chosen; likewise, response 
functions are analyzed and the system is verified.  
 

Design steps. A Mamdani-type fuzzy logic 
system was designed based on the tool Fuzzy Logic 
Toolbox of Matlab to evaluate the optimization of 
the irrigation system according to the indexes of 
outputs as Water Quality (WQ), Water Quantity 
(WaQ) discharge and Field Capacity (FC) and the 
final output of the system as optimized irrigation. 
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FIGURE 1 
General view of the final simulation 

 
 

FUZZY SIMULATION OF SYS. INPUTS 
 
Water Quality (WQ) simulation with fuzzy 

logic. All the studies pertaining to assess the quality 
of water for irrigation consider two parameters, 
namely Sodium Absorption Ratio (SAR) and 
Electrical conductivity (EC). In this project we 
considered pH as a third variable to optimize the 
irrigation more accurately. The Water Pollution 

Control Regulation (WPCR) Turkey provided the 
standards for irrigation water quality, in which 
permissible limits for SAR, EC, pH and other 
elements are specified, and from those acceptable 
limits it helps to create the membership functions 
for our simulated Water Quality system in fuzzy 
logic and at the end we were able to use specified 
membership functions in the final fuzzy simulation 
which will provide us optimized irrigation. 

 
 

 
 

FIGURE 2 
General view of a simulation for Water Quality 

 
 

The membership functions are created on the 
basis of already done research work in this area and 
by consultation with our teachers. There are 

different parameters that are important to control 
the irrigation water quality and vary from place to 
place so, it is difficult to develop a standard model 
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that will be suitable for all water sources. In such 
circumstances it is the need of hour to develop the 
various models by keeping all the factors in view 
and fuzzy logic provide a good solution in such 
situations.  
 

Electrical conductivity (EC). Salinity is a 
measure of the Total amount of salts in the water is 
known as salinity and if high than permissible range 
causes to reduce water availability to the crop and 
affect the yield. Electrical conductivity (EC) or 
Total Dissolved Solids (TDS) tests are two means 
of measuring salinity and EC is a helpful and 
reliable tool for the measurement of water salinity 
or TDS. The total amount of TDS should be used 
together with SAR.The properties of the soil, the 
ground water and the landscape interact with the 
salinity of the irrigation water to either increase or 
decrease the salinity hazard [11].The salinity is a 

main problem related to irrigation water quality 
which refers to the total amount of dissolved salts 
but does not indicate which salts are present. High 
level of salts in the irrigation water reduces water 
availability to the crops and causes yield reduction. 
Above a certain threshold, reduction in crop yield is 
proportional to the increase in salinity level. 
 

The salinity effects are generally evidenced by 
reducing transpiration rates and proportionally 
related growth, and producing smaller plants. The 
salinity also alters the soil ability to retain nutrients, 
thus suppressing plant growth [12].Different crops 
vary in their tolerance to salinity and therefore have 
different thresholds and yield reduction rates [13].  
The most common parameters used for determining 
the irrigation water quality, in relation with its 
salinity, are EC and TDS. In this study conductivity 
ranges from 479- 1208 µmho/cm. 

 
 

 
 

FIGURE 3 
Membership functions selected for Electrical Conductivity (EC) simulation. 

 
 

pH. It is an index of hydrogen ions 
concentration (H+) in water and defined as –Log 
(H+) and ranges from 0 to 14 where, lower than 7 is 
considered to be acidic and higher than 7 is 
considered to be basic while pH of 7.0 is considered 
to be neutral. In irrigation water quality could be 
basic that mainly affects the availability of nutrients 
while acidic water is also important to know how 
quickly irrigation is required, to keep the metals in 

dissolved form and make them more readily 
available. In irrigation process normal pH range is 
from 6.5 to 8.4. The pH ranges of obtained data 
from Sakarya River are 7.61-8.63. Unusually low 
pH may cause acceleration of corrosion in irrigation 
systems while pH above 8.5, causes to form 
insoluble salts of calcium and magnesium, leaving 
sodium as leading ion in the solution. Alkaline 
water intensifies solidity of soil [14]. 
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FIGURE 4 
Membership functions selected for pH simulation. 

Alkalinity is the measure of a water’s capacity 
to neutralize acids (consume H+ ions), is the sum of 
the amounts of bicarbonates (HCO3

-), carbonates 
(CO3

2-) and hydroxide (OH-) in water and is 
expressed as mg/l or meq/l CaCO3.  Alkalinity 
buffers the water against sudden changes in pH and 
if the alkalinity is too low, then any addition of 
acidic fertilizers will immediately lower the pH. 
The main characteristic of irrigation water system is 
alkalinity as it affects the pH of root medium not 
the water.  

Sodium Absorption Ratio (SAR). Sodium is 
adsorbed and becomes attached to soil particles 
causes to harden and compact soil structure and 
increasingly impervious to water penetration. The 
soil salinity is a severe factor that causes various 
abnormal, physio-morphological and biochemical 
changes, delay germination, high seedling 
mortality, poor crop stand, stunted growth [15] as 
literature stated crops production is seriously 
affected by soil salinity [16].The breakage of soil 
structure is commonly caused by continuous 
application of high SAR water in irrigation because 
salts effecting osmotic relationship between the root 
and the soil moisture [17].The salinity level is the 
primary water quality parameter mostly applicable 
in irrigation systems because the soil structure and 
crop yield is affected by the salts quantity.  

Direct effect of salts on plant growth may be 
classified into three categories: (i) a decrease in 
osmotic potential of the soil solution causes to 
reduces available water to plants, (ii) a deterioration 
in physical structure of soil happens due to which 
water permeability and soil aeration are decreased, 
and (iii) an increase in concentration of certain ions 
that have an inhibitory effect on plant metabolism 
[18]. Salinity is predicted from a recurrent 
measurement of total dissolved solids (TDS). TDS 
is a measure of salts present in water, counting 
organic and very small suspended particles [19]. 

Irrigation water whether of good quality or 
not, can have effect on plant growth, for example 
poor irrigation water quality with excess salt can 
damage plants in various ways.Water with high 
amount of salts can hinder the conversion of 
ammonium salts to nitrate by nitrifying micro-
organisms in soil when used for 
irrigation.Furthermore, most of tomato plants are 
more sensitive to salt during seed germination, 
seedling growth and when flowering or fruiting. 
The seed and seedling stages are vulnerable not 
only because the plant structures are immature and 
delicate, but also because tiny roots system draw 
moisture and nutrients from the soil surface where 
salts tend to concentrate [20]. 
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FIGURE 5 
Membership functions selected for Sodium Absorption Ration (SAR) simulation. 

 
 

The sodium problem is reduced if the amount 
of calcium plus magnesium is high as compare to 
sodium. This relation is called the sodium 
adsorption ratio (SAR) and it is a calculated value 
from the formula: � = ��√��+��2  

SAR was calculated from the data obtained from 
Sakarya River and found it ranges 2.35-14.50 in 
this study.  
The combination of EC,pH and SAR as inputs in 
Mamdani fuzzy inference system basis on literature 
reviews, international and local standards, expert’s 
advices and was found important parameters to 
assess the output water quantity with accuracy. 
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FIGURE 6 

Water Quality Fuzzy system rules. 
 
 

Field Capacity (FC) simulation with fuzzy 
logic. Field Capacity (FC) is the amount of water in 
the soil layer that can be easily used by the plant for 
its growth different from gravitational water and 
wilting point which are the amounts of water in the 
soil layer but which can’t be used by the plant for 
its growth [21]. The FC for irrigation is very 
important because it is the one giving the idea of 
how much water to be added to the soil in order not 

to over irrigate which may cause leaching and 
lodging of soil layers [21]. It is measured in height 
inch per ha, where height inch times hectare that is 
100 m3. Hence in the simulation in order to keep the 
use of SI units a range from 0 to 300 cubic meters 
was used as FC is ranging from 0 to 300 cubic 
meters in crisp sets and correspond to low, middle 
and high in fuzzy sets. 
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FIGURE 8 
Fuzzy simulated Water Quantity 

RESULTS AND DISCUSSION 

MATLAB Fuzzy Inference System (FIS) was 
applied in present study to optimize irrigation by 
using three inputs and one output variable. 
Different membership functions were given to FIS 
for evaluation of results.FIS Tool of MATLAB 

showed precise and reliable resultsand those results 
will be helpful in decision making. The output of 
the system was the optimized irrigation, the 
membership functions were defined by the help of 
literature review and experts advices in the field. A 
set of 53 system rules and surface view were 
presented. The fuzzy simulated irrigation water 

FIGURE 7 
Membership functions selected for FC 


Water quantity (discharge) simulation with 

fuzzy logic. This index gives the information on the 
amount of water available from the source that will 
be used to irrigate. If the amount is very low, low, 
medium, high or very high then the irrigation will 

be with same membership functions too .With river 
engineering discharge quantifyingmethods; water 
which is not flooding the upland of the channel 
have to be between  0-500 m³/s. 
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(Fig.9), FIS rules (Fig.10 and Fig.11) and the FIS rules surface review (Fig.12) are shown below. 

FIGURE 10 
FIS rules.

FIGURE 9 
Fuzzy simulated irrigation water. 
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FIGURE 12 
FIS rules on a surface view 

DISCUSSION 

An optimized irrigation system is proposed, 
taking into consideration indicators of optimization 
use of water resource and tools of intelligent 
systems like fuzzy logic. The results of this study 
showed that fuzzy set theory is more reliable and 
flexible option in irrigation optimization as 
compare to CROPWAT 8.0 and SAPWAT 8.1 
because it deals with different hydrological 
uncertainties. It is helpful in decision making 
regarding irrigation optimization in vague 
conditions without relying on Evapotranspiration 
equations.  

In the present study, a Fuzzy Inference System 
(FIS) has been developed to classify the water for 
irrigation purposes. The membership functions 
were developed for three significant parameters 
such as SAR, EC and pH and rules were fired to 
arrive at a Fuzzy Inference System for assessing 
irrigation water quality. In last studies initially two 
parameters were used to develop the fuzzy logic but 
in this work it was further improved by 
incorporating one more significant parameter 
namely pH. Thus, the developed fuzzy model 
showed more reliable results for irrigation water 
classification and avoided the vagueness in the 
decision making. 

FIGURE 11 
FIS and rules and output minimums 
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The set of indicators proposed is a basis to compare 
the optimization and fuzzy simulation of the 
irrigation systems which can help in the 
identification of infrastructure which can be 
replaced by the use of fuzzy controllers in irrigation 
and drainage control, detection of needs for 
technology transfer in research and the 
improvement of the system operation. 
This system of fuzzy logic was implemented in 
order to estimate the optimization of an irrigation 
system based on the index of output per available 
Water Quality, Field Capacity and available water 
supply. This type of tool implemented in the 
irrigation sector and specifically in the evaluation of 
optimization of irrigation systems are innovative 
and could be helpful in decision making for 
agricultural professionals. 
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ABSTRACT 
 
Nutrient removal in constructed wetland (CW) 

microcosms planted with Phragmites and inoculated with 
microporous polyurethane immobilized with denitrifying 
bacteria was evaluated as a possible treatment for campus 
sewage. Constructed wetlands microcoms (CWMs) inocu-
lated with bacterial suspension (S2) or bacteria immobi-
lized on microporous polyurethane (S3) showed signifi-
cant improvements in COD, total nitrogen (TN) and total 
phosphorus (TP) removal efficiency compared with S1 
CWMs without bacteria. Microporous polyurethane im-
mobilized denitrifying bacteria (S3 CWMs) had a lasting 
effects of pollutants removal. The removal efficiency of 
S3 was 75% for chemical oxygen demand (CODCr), 69% 
for total nitrogen (TN), 75% for ammonia-N (NH4

+-N) 
and 78% for total phosphorus (TP). The removal of NO3

--
N reached up to 91%. The effulent concentration of TN, 
TP, NH4

+-N and CODCr achieved the GB/T18921-2002 
standard (China) or the GB18918-2002 standard (China) 
for Class I-A criteria in 5 days. Characteristics of bacteria 
on microporous polyurethane and immobilization meth-
ods of bacteria will be investigated in our later research. 
The CWs would be a cost-effective measure for pullutants 
removal of sewage by means of bioaugmentation. 

 
KEYWORDS:  
Constructed wetlands; campus sewage; bioaugmentation; 
wastewater treatment; Paenibacillus lautus CL-5; pollutants 
removal; denitrification 

 
 
INTRODUCTION 
 
The lack of water resources is emerging as a critical 

concern for the future development of China [1]. Ground-
water is currently of critical shortage due to the significant-
ly increasing usage [2]. A large number of untreated sew-
age directly flow into the natural rivers and lakes, cause 
problems including eutrophication and the generation of 
undesirable odors, and ultimately threaten surface and 
ground water quality and human health [3-4]. Campus 
sewage as a domestic wastewater started to be paid atten-
tion and reused after treatment in China [5]. Constructed 

wetlands (CWs) has proved to be a good alternative for 
wastewater advanced treatment with the consideration of 
efficiency and cost [6]. They have been designed and con-
structed to utilize the natural processes involving wetland 
plant, soil and associated microbial assemblages to assist in 
treating 20 different types of wastewater [7]. Pollutant 
removal in CWs is typically associated with specific mi-
crobial functional groups [8]. Nitrification of nitrobacteria 
coupled with denitrification of denitrifying bacteria is usu-
ally the most significant N removal mechanism in the CW 
[9].  

Pollutant-degrading microorganisms are often intro-
duced into a contaminated environment to accelerate bio-
remediation and meet effluent standards. Immobilized 
microorganism technology began to be used in wastewater 
treatment due to the increasingly serious water pollution 
problems from 1970s. Two kinds of carrier material, 
macroporous polyurethane and haydite, seeded with the 
same bacteria were used to compare the efficiency of 
chemical oxygen demand (CODCr) and ammonium nitro-
gen (NH4+-N) treatment from wastewater. The reductions 
in the overall NH4+-N and CODCr supported by 
macroporous polyurethane were higher than supported by 
haydite [10]. The macroporous structure of the polyure-
thane and its active chemical groups are suitable for the 
immobilization of microorganisms [11].  

A denitrifying and phosphorus bacterium Paenibacil-
lus lautus CL-5 was isolated from the sludge of the double 
sludge switching-sequencing batch reactor (DSSBR), with 
a high removal efficiency of NO3--N [12]. The objectives 
of this study were: (1) to investigate the treatment per-
formance of wastewater from a university campus area 
using constructed wetland microcosms system; (2) to 
judge whether the application of immobilized bacteria on 
macroporous polyurethane could promote sewage treat-
ment in constructed wetlands. 

 
 
MATERIALS AND METHODS 
 
Experimental setup and design. Constructed wet-

land microcosms (CWM) were designed according to a 
surface flow style and established under a rain shelter 
outdoors in March, 2014 in Shandong province, northern 
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China (36.65’ N, 117.0’ E). The climate is cold and dry 
during spring and winter, with wetter and warmer sum-
mers (annual precipitation of 670.7 mm, and an average 
temperature of 14.3 ◦C). Eighteen wetlands were con-

structed using circular barrel-type polyethylene contain-
ers, each of which had a surface area of 0.19 m2 and a 
depth of 65 cm, with an outlet at the bottom (Fig.1).  

 
 
 

 
 

FIGURE 1 
Schematic diagram of a constructed wetland microcosm (CWM)  

(a: Phragmites australis; b: water; c: soil; d: washed sand; e: detritus; f: water outlet; g: influent pump; h: 
perforated PVC pipe; i: tank; j: campus sewage) 

 
 
The microcosm wetland filter beds consisted of three 

successive layers from top to bottom with soil to a height 
of 10 cm, washed river sand (particle size <2 mm, mainly 
Si2O3, Al2O3, Fe2O3) to a height of 5 cm, detritus, which 
was used as the supporting layer, to a height of 35 cm. 
Water depth was kept at 15 cm above the soil surface. 
One vertical, perforated PVC pipe (65 cm in length and 3 
cm in diameter) was inserted into the substrate in the 
middle of each wetland system to enable measurements of 
various physical and chemical parameters. Each CWM 
system held 15 L water when filled. 

 
Composition of campus sewage. The raw 

wastewater was delivered from the sewage system of a 
university and contained in a tank using a wet pump to 
deliver. The influent was a combined wastewater, from 
toilets, bathrooms, etc. During the entire operation period, 
the characteristics of raw wastewater exhibited both diur-
nal and seasonal variations mainly due to infiltration to 
the sewage system especially in wet weather and changes 
in student populations during weekends and holidays. The 
ranges of major water quality indices were as follows: 
COD (chemical oxygen demand) 123-143 mg/L, NH4

+-N 
(ammonia-N) 27-38.2 mg/L, TN (total nitrogen) 51.9-66.3 
mg/L, TP (total phosphorus) 2.35-2.49 mg/ and NO3

--N 
(nitrate-N) 4.57-4.65 mg/L.  

 
Preparation of bacterial solution and mi-

croporous polyurethane immobilized with bacteria. 
Paenibacillus lautus CL-5 (Chinese patent ZL 
201310033056.2) was isolated in the School of Environ-
mental Science and Engineering in Shandong University 
and preserved in the China Center for Type Culture Col-
lection (CCTCC) with the number of M 2012227. En-

richment medium (pH 7.2-7.4) was prepared by dissolv-
ing 10 g Tryptone, 5 g Yeast extract and 10 g NaCl in 1L 
of distilled water. This medium (200 mL) was autoclaved 
for 30 min at 121 ◦C. Two mediums were separately in-
oculated with 4 mL of bacterial suspension stored in the 
fridge. Then one medium of the two above was added 
several microporous polyurethane. The two mediums 
were incubated at 35 ◦C for 24 h in the next step. The 
bacterial solution was measured by Most-Probable-
Number (MPN) analysis before using [13].  

 
Experimental operation. Nine constructed wet-

lands microcosms were used for the sewage treatment. 
The following treatment designations were used: campus 
sewage without bacteria (1) or with bacteria solution (2) 
or with microporous polyurethane immobilized with bac-
teria (3), which resulted in the following specific treat-
ments: S1 = Phragmites planted but no bacterial inocula-
tion, S2 = Phragmites planted with bacterial solution 
inoculation, S3 = Phragmites planted with microporous 
polyurethane immobilized with bacteria. 

Each group consisted of three microcosm units and 
three replicates. Before experiments were performed, 
plants were watered every 2 days by the sewage to main-
tain the water level at the soil surface. The water level 
was gradually increased to 15 cm and held at that level for 
2 weeks to acclimate before the experiment started. A fill-
and-draw batch mode was applied to influent from April 5 
to April 30, 2014. The units were manually filled with the 
campus sewage from a tank containing. The water depth 
above the soil surface was 15 cm with 15 L sewage in 
total. Units were re-filled with fresh sewage immediately 
after drainage. Bacterial solution (150 ml) with a total 
bacterial population of 2.1x108 cfu/ml was inoculated into 
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S2 microcosms. An injector (Chinese patent number ZL 
20112485865.3) was used to add an equivalent volume of 
inoculum into the units at three different depths below the 
water surface (0.20 m, 0.35 m and 0.45 m). Seven mi-
croporous polyurethane immobilized with a total bacterial 
population of 3.2x108 cfu/ml were set on the surface of 
soil surrounding by the plants in S3 microcosms.  

Water samples were collected using a syringe 10 cm 
below the water surface of each unit every day to test the 
water quality achieved the GB/T18921-2002 standard 
(China) or the GB18918-2002 standard (China) for Class 
I-A criteria. Five days were considered as a test period. 
After five days, the units were manually drained through a 
valve at the bottom and immediately re-filled with fresh 
test solution. Five periods were set up during the whole 
experiments (Period , , , , ). Estimated evapotran-
spiration was compensated for with distilled water for 
each wetland unit during the experiment. 

 
Water quality monitoring. The following laborato-

ry analyses were performed on water samples: CODCr, 
NH4

+-N, TN, TP, NO3
--N. All parameters were deter-

mined according to standard methods [14]. TN, NH3-N 
and NO3

--N were evaluated by a UV-Vis spectrophotome-
ter (Shimadzu Instrument Co. Ltd., UV-2450, Japan). 
Treatment efficiency was calculated as the percentage of 
removal for N and P as follows: Removal efficiency (%) 
= (Ci − Ce)/Ci × 100 where Ci and Ce are the influent and 
effluent concentrations in mg/L. 

 
 
 
 
 
 
 
 

 
RESULTS AND DISCUSSION 

 
Removal of CODCr. In a constructed wetland sys-

tem, organic matters will be absorbed by the soil and the 
plant growth, then broken down by the microbes through 
fermentation and/or respiration, and mineralized as a 
source of energy or assimilated into biomass [15]. There-
fore, the removal efficiency of COD always gradually 
decreased because of adsorption saturation. As shown in 
Figure 2, CODCr actually had good removal effects in the 
three treatments (S1, S2, S3). However, CODCr removal 
efficiency did not present many varies during the whole 
persistent five periods in the control group S1 CMWs 
with an approximate removal efficiency of 60%. Denitri-
fying bacteria solution (S2) and immobilized denitrifying 
bacteria (S3) had obviously positive influence on CODCr 
removal of the campus sewage. Water flow eroded mi-
croorganism population sizes during the experiments 
resulting in gradually declined removal efficiency of 
CODCr, from the original 79% to 63% in the S2 CWMs. 
The effluent concentrations of CODCr were less than 30 
mg/L with the removal efficiency of 76%-82% in S3 
CWMs and had met local and national Chinese govern-
ment standards, i.e, Class I-A criteria of GB18918-2002 
(CODCr ≤50 mg/L) in the entire five periods. These ob-
servations confirmed that after 25 days, allochthonous 
denitrifying bacteria CL-5 isolated from sludge could still 
well survive in the nature. Increasing bacterial population 
could affect COD removal in the following ways. Firstly, 
bacteria consumed organic shortening the hydraulic reten-
tion time (HRT). Though organic substrates were not 
fully degraded, the treated sewage could meet the stand-
ard. Secondly, immobilized bacteria on microporous 
polyurethane could decrease the clogging possibility. This 
is also responsible for the decrease of COD removal effi-
ciencies. 
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FIGURE 2  
Mean chemical oxygen demand (CODCr) in the outflow of constructed wetland microcosms (CWMs) during five 
periods (S1: CWMs were without bacterial inoculation; S2: CWMs were inoculated with bacterial solution; S3: 

CWMs were inoculated with microporous polyurethane immobilized with bacteria; Standard: the GB18918-
2002 standard (China) for Class I-A criteria CODCr ≤ 50 mg/L) 

 
 

Removal of TP. Phosphorus transformations in wet-
lands contain soil accretion, adsorption/desorption, pre-
cipitation/dissolution, plant/microbial uptake, etc. Micro-
bial uptake is very fast, but the amount stored is very low 
[16]. R. Bhamidirnarri found that the mean TP removal 
efficiency reached to 90% when the influent TP concen-
tration was in the range of 2.5-5.9 mg/L [17]. With re-
spect to the TP removal, the removal efficiency was 
above 60% in S1 CWMs in five periods. It seems that the 
wetland system itself did have an effect on P removal in 
the current study, but the effluent TP of S1 did not meet 
the standard due to the high concentration of campus 
sewage (Fig. 3). To some extent, denitrifying bacteria (S2, 
S3 CWMs) presented a positive effect on P removal. The 
removal efficiency of TP was gradually declined, from 
the 80% in the first period to 70% in the fifth period of S2 

CWMs. The effluent concentrations of TP were 0.23-0.48 
mg/L with the removal efficiency of 78%-84% in S3 
CWMs and had met the GB/T18921-2002 standard (Chi-
na) (TP ≤0.5 mg/L) in the entire five periods. The uptake 
by microbiota (bacteria, fungi, algae, macroinvertebrates, 
etc.) is rapid because these organisms grow and multiply 
at high rates. The amount of microbial also depends on 
trophic status of the wetland. In less enriched sites the 
microbial uptake may store more phosphorus as compared 
to more eutrophic sites. When evaluating a wetland eco-
system to retain P, all these components should be quanti-
fied. 
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FIGURE 3 

Mean total phosphorus (TP) concentration in the outflow of constructed wetland microcosms (CWMs) during 
five periods (S1: CWMs were without bacterial inoculation; S2: CWMs were inoculated with bacterial solution; 

S3: CWMs were inoculated with microporous polyurethane immobilized with bacteria; Standard: the 
GB/T18921-2002 standard (China) TP ≤ 0.5 mg/L) 

 
 
Removal of N. Nitrogen has a complex biogeo-

chemical cycle with multiple transformations. The most 
important inorganic forms of nitrogen in wetlands are 
NH4+-N, nitrite (NO2--N) and NO3--N. The major nitro-
gen transformations in wetlands are presented as volati-
lization, ammonification, nitrification, nitrate-
ammonification, denitrification etc. All of these transfor-
mations are necessary for wetland ecosystems to function 
successfully. Nitrification is thought to result in the oxida-
tion of NH3-N to NO3--N via NO2--N by autotrophic 
bacteria under aerobic conditions, while denitrification 
results in the conversion of NO2--N and NO3--N to vola-
tile N oxides and N2 gas by denitrifying bacteria mostly 
under anaerobic conditions (Chang et al., 2011; Farhadian 
et al., 2008; Daniel et al., 2009) [18-20]. As seen in Fig-
ure 4, the mean TN (Fig. 4a), NO3--N (Fig. 4b) and 
NH4+-N (Fig. 4c) concentration and removal efficiency 

in the outflow of CWMs were shown. Varies of TN and 
NH4+-N were similar. As the five cycling periods were 
going on, the NH4+-N removal efficiency was gradually 
getting worse in S1 with a percentage from 72% to 63% 
and S2 from 61% to 54%. The effluent concentrations of 
NH4+-N fluctuated at 8 mg/L with the removal efficiency 
of 76%-82% in S3 CWMs and closed to Class I-A criteria 
of GB18918-2002 (NH4+-N ≤8 mg/L) in the entire five 
periods. The removal rates of NO3--N were in a specific 
range from 82% to 91% and the effluent concentrations 
were also kept in a certain range less than 0.8 mg/L in S3 
CWMs. Wetlands internal denitrifying bacteria could 
create a good environment for the denitrification process. 
Along the experimental periods extended, NO3--N gradu-
ally increased and maintained at a higher concentration in 
S1 and S2 CWMs. The pattern and efficiency of TN re-
moval were partially affected by different N species.  
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FIGURE 4 

Mean total nitrogen (TN), ammonia-N (NH4+-N) and nitrate-N (NO3--N) concentration in the outflow of con-
structed wetland microcosms (CWMs) (S1: CWMs were without bacterial inoculation; S2: CWMs were inocu-

lated with bacterial solution; S3: CWMs were inoculated with microporous polyurethane immobilized with bac-
teria) 
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NH4
+-N and NO3

--N are the dominant types of N in 
the campus sewage. The effluent concentrations of TN 
were less than 15 mg/L with the removal efficiency of 
78%-84% and had met the GB/T18921-2002 standard 
(China) (TN ≤15 mg/L) in the previous three periods of 
S3 CWMs. In the later two periods, the effluent TN con-
centrations increased slightly. During the experiments the 
removal efficiency of TN gradually declined from the 
original 75% to 49% in the S2 CWMs, even it dropped to 
43% in the S1 CWMs. 

 
 
CONCLUSIONS  
 
The experimental results can be summarized as fol-

lows: CWMs inoculated with bacteria (S2 and S3) 
showed significant improvements in CODCr, TN and TP 
removal efficiency compared with S1 CWMs without 
bacteria. Microporous polyurethane immobilized denitri-
fying bacteria (S3 CWMs) had a lasting effects of pollu-
tants removal. The removal efficiency of S3 was 75% for 
CODCr, 69% for TN, 75% for NH4

+-N and 78% for TP. 
The removal of NO3

--N reached up to 91%. The effulent 
concentration of TN, TP, NH4

+-N and CODCr achieved 
the GB/T18921-2002 standard (China) or the GB18918-
2002 standard (China) for Class I-A criteria in 5 days. 
This study was just a starting research about whether the 
application of immobilized bacteria could successfully 
promote sewage treatment in constructed wetlands. Char-
acteristics of bacteria on microporous polyurethane and 
immobilization methods of bacteria will be investigated in 
our later research. 
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ABSTRACT 
 
The implementation of the South–North Water 

Transfer Project (SNWTP)-Eastern Route triggered con-
struction of new reservoirs and expansion of old reser-
voirs that inevitably changed land use/land cover in sur-
rounding areas. Taking the Shuangwangcheng (SWC) 
plain reservoir as a case study, this study aimed to resolve 
two challenges in land use/land cover change (LUCC) 
detection: (i) limited classification capabilities with medi-
um-resolution remote sensing images, and (ii) the “salt 
and pepper” phenomenon observed in classification maps 
created using traditional pixel-based classification meth-
ods. The image fusion algorithm, which combined the 
nonsubsampled contourlet transform and generalized inten-
sity-hue-saturation (NSCT-GIHS), and object-oriented 
image classification were utilized to generate high-quality 
classification maps. Post-classification comparisons were 
used to obtain LUCC patterns during five periods between 
2000 and 2013. The results indicated that significant 
changes occurred in the SWC reservoir area, including 
clear increases in the reservoir, rural settlement, and canal 
classes, but decreases in the salt field class. LUCC was 
most rapid immediately before and after the SWC reser-
voir construction. Due to its expansion in August 2010, 
the SWC reservoir showed the highest land use dynamic 
degree (LUDD; 16.01%) between 2009 and 2011. Rural 
settlements increased continuously from 2003 to 2013, 
and had the highest LUDD (4.41%) between 2011 and 
2013, reflecting population migration following the SWC 
reservoir construction. 

 
KEYWORDS:  
South-North Water Transfer Project; Eastern Route; reservoir; 
land use/ land cover change; object-oriented image classifica-
tion; image fusion. 

 
 
INTRODUCTION 
 
Water resource distribution in China is uneven, with 

sufficient supply in Southern China but a water deficiency 
in Northern China [1, 2] (Figure 1). To alleviate water 
shortage in Northern China, the South–North Water Trans-
fer Project (SNWTP), which includes western, central, and 
eastern routes, was implemented at the end of 2002. It 

aimed to meet a series of social, economic and environ-
mental requirements, including domestic consumption, 
hydropower generation, flood prevention, and agricultural 
irrigation [3]. According to the project plans for the Eastern 
Route, a large number of reservoirs were constructed or re-
built along rivers in order to provide a regulated water 
supply. Along with reservoir construction, the surrounding 
areas underwent land use/land cover change (LUCC), 
while local residents were resettled. These changes were 
essential to facilitate the construction of reservoirs, which 
were designed to play a positive role in water supply for 
urban living and agricultural irrigation; however, they 
also contributed to the deterioration of the surrounding 
eco-environment [3]. Therefore, there is an urgent need to 
identify an effective method for the timely monitoring of 
these changes. 

Satellite remote sensing technology is a widely ap-
plied and effective tool for detecting LUCC in reservoir 
regions [4–7]. It has been demonstrated that the exploita-
tion of remote sensing images with low or medium spatial 
resolution (e.g., Thematic Mapper (TM), Multispectral 
Scanner System (MSS), and Advanced Spaceborne Ther-
mal Emission and Reflection Radiometer (ASTER) imag-
es) can provide meaningful insights into LUCC. However, 
it has also been shown that high spatial resolution remote 
sensing images are more appropriate for land use/land 
cover interpretation when land use types are complex [8]. 
Only traditional pixel-based image classification methods 
(e.g., supervised classification and maximum likelihood 
classification) are described in the literature, and these 
often display the “salt and pepper” phenomenon on the 
land use/land cover classification maps produced [8]. In 
order to solve these issues, this study considered two 
remote sensing processing approaches: image fusion and 
object-oriented image classification.  

The purpose of this study was to develop an efficient 
method to investigate LUCC around the Shuangwang-
cheng (SWC) plain reservoir, situated along the SNWTP-
Eastern Route, China. The NSCT-GIHS image fusion 
method, which combined the nonsubsampled contourlet 
transform (NSCT) and generalized intensity-hue-saturation 
(GIHS), the object-oriented image classification method, 
and manual interpretation were utilized to obtain high-
quality land use/land cover classification maps. The 
LUCC in the SWC region was then analyzed in order to 
identify the driving forces behind the changes. 
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MATERIALS AND METHODS 
 
Study area. The SNWTP is a national mega-project 

aimed at resolving the deteriorating drought problems of 
Northern China. The project diverts 44.8 billion m3 of 
water per year from the Yangtze River to Northern China 
through three systems: the Western, Central, and Eastern 
Routes [9]. Among the three routes, the Eastern Route 
was the first to be built, and was put into operation in 
December 2002. According to the water diversion plan of 
the Eastern Route, water from the Yangtze River is first 
drawn into the Jiangdu hydro-junction, where a huge 400 
m³/s pumping station was built in the 1980s [10]. Due to 
the topographic difference between the Yangtze and 
North China plains, pumping stations are used to raise 
water from the Yangtze River to the Yellow River. Water 
is then pumped in a northward flow along the Beijing-
Hangzhou Grand Canal. On reaching Shandong province, 
one tributary flows eastward to Weihai and Qingdao cities, 
while the other flows further north to Tianjin municipality 
(Figure 1). The Eastern Route extends ~1152 km and is 
equipped with 23 pumping stations that have a power gen-
eration capacity of 454 mega-watts (MW) [9]. The greatest 
challenge for the Eastern Route is dealing with heavily 
polluted waters in the Beijing-Hangzhou Grand Canal. 

 
Shandong province is one of the water-starved prov-

inces. In order to provide a timely supply of water during 
the dry season, several plain reservoirs were constructed, 
(e.g., the Datun Reservoir and the SWC Reservoir; Figure 

1). The SWC reservoir, located in Shouguang city, is an 
important regulating reservoir along the SNWTP-Eastern 
Route, the Jiaodong Water Transfer Line, and the Water 
Diversion Project from the Yellow River into Qingdao. It 
was initially constructed in March 1972, but then further 
expanded in August 2010 in order to improve its water 
storage capacity. Today, its maximum water storage ca-
pacity is 61.5 million m3.  

 
Datasets. In this study, five Landsat satellite images 

acquired by the United States Geological Survey (USGS) 
on 2 May 2000, 11 May 2003, 25 April 2009, 2 June 
2011, and 30 May 2013 were used. The first three images 
pre-date the re-building of the SWC reservoir, while the 
last two relate to periods of re-construction and post-
completion, respectively. All images contain <0.2% cloud 
cover, and their similar dates of acquisition (25 April–2 
June) allow for reliable comparisons of land use/land 
cover classes between different years. For the 2 May 
2000, 11 May 2003, 25 April 2009, and 2 June 2011 im-
ages, Landsat 7 Enhanced Thematic Mapper Plus (ETM+) 
bands 1–4 (with 30 m spatial resolution) and 8 (with 15 m 
spatial resolution), representing the blue, green, red, near-
infrared, and PAN bands, were used. For the 30 May 2013 
image, Landsat 8 Operational Land Imager and Thermal 
Infrared Sensor (OLI_TIRS) bands 2–5 (with 30 m spatial 
resolution) and 8 (with 15 m spatial resolution), which also 
represent the blue, green, red, near-infrared, and PAN 
bands, were used. 

 
 

 
 

FIGURE 1 
 Location map of the study area. 
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FIGURE 2 
The flowchart of the image fusion method as the integration of the nonsubsampled contourlet transform 

and generalized intensity-hue-saturation (NSCT-GIHS). 
 
 
Image preprocessing. All USGS images are pre-

projected onto the Universal Transverse Mercator (UTM) 
coordinate system (WGS 84 datum, UTM Zone 50N), and 
so geometric correction was not required. However, addi-
tional image-to-image registration was needed to correctly 
align the multi-temporal pixel locations. Registration was 
performed with sub-pixel accuracy so as to avoid registra-
tion error effects impacting the quality of change detec-
tion. In addition, radiometric and atmospheric corrections 
are important for multi-temporal LUCC monitoring. Thus, 
the multi-temporal images were converted to radiance 
values, and then atmospheric effects were corrected using 
the FLAASH model, available in the ENVI software 
package (Exelis Visual Information Solutions Inc., Boul-
der, Colorado, USA). 

 
NSCT-GIHS image fusion method. Recent studies 

have demonstrated that the integration of the nonsubsam-
pled contourlet transform (NSCT) and classical fusion 
methods, for example, intensity-hue-saturation (IHS) and 
principal component analysis (PCA), can significantly 
reduce spectral distortion in pan-sharpened images [11]. 
Different from the IHS transform, the generalized intensi-
ty-hue-saturation (GIHS) transform can expand traditional 
RGB to IHS from three bands to more than three bands 
[12]. Therefore, the NSCT-GIHS image fusion method 
was exploited for the pan-sharpening of multispectral (MS) 
images composed of blue, green, red, near-infrared bands 
and PAN image, as shown in Figure 2. The NSCT-GIHS 
method was programmed using the MATLAB® 2012a 
software (MathWorks Inc., Nat ick, Massachusetts, USA). 

 
Land use / land cover classification system. In 

general, land use/land cover classification systems are 
determined according to the purpose of the study and the 
data resource used. Numerous studies have discussed and 
proposed land use/land cover classification systems [13–
15]. In these classification systems, one-level land cover 
classes include cropland, woodland, grassland, water 

body, building land, and others, while two-level land 
cover classes are subdivided according to practical condi-
tions in the study area. According to the principles above 
and to the 15 m spatial resolution data used in this study, 
four one-level land cover classes (cropland, building land, 
water body, and others) and seven two-level classes (cul-
tivated cropland, fallow cropland, rural settlement, SWC 
reservoir, another reservoir, canal, and salt field) were 
determined. Given that the SWC reservoir was the prima-
ry target, it was better to separate the SWC reservoir from 
other reservoirs in order to highlight its expansion and the 
changes to its surrounding areas. 

 
Land use / land cover classification method. In the 

SWC reservoir region, fallow cropland and the reservoir 
embankment produced similar spectra, appearing bright 
white on pseudo color MS images composed of near-
infrared, red and green band as RGB. Furthermore, there 
were slight seasonal differences between the multi-
temporal datasets; therefore, a fully automatic classifica-
tion method was difficult implement with accuracy. In-
stead, the strategy employed combined the automatic 
object-oriented image classification method with manual 
interpretation. The object-oriented image classification 
method, which differs from pixel-based classification 
methods, focused on image objects composed of homoge-
neous adjacent pixels. Manual interpretation was then used 
to extract land cover classes that the object-oriented clas-
sification method could not achieve. The object-oriented 
image classification method followed two steps: 1) image 
segmentation, in which image objects were generated, and 
2) image classification, in which image objects were clas-
sified into different classes according to their spectral and 
spatial characteristics (e.g., color, shape, texture). 

    In this study, fused images composed of blue, 
green, red, and near-infrared bands with 15 m spatial 
resolution were used to perform image segmentation and 
classification processing. Segmentation parameters were 
uniformly set to scale = 10, color = 0.9, and smoothness = 
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50. Experimental results [16] have shown that values of 
10 and 50 for scale and smoothness, respectively, are 
ideal segmentation parameters. 

During image classification processing, segmented 
image objects were classified by seven land use/land 
cover classes. The classification procedure was mainly 
based on the spectral characteristics and spectral trans-
formation features of the image objects. Through experi-
mentation, the normalized difference vegetation index 
(NDVI), the brightness values of the red band, was used. 
The classification flowchart is shown in Figure 3. 

An object-oriented image classification method 
based on the rule-set depicted in Figure 3 was used to 
extract the cultivated cropland, salt field, and canal clas-
ses. NDVI was first used to extract cultivated cropland, 

and was calculated as 100 (1 )NIR RNDVI
NIR R


  


 

in order to enlarge NDVI differences, in which R is the 
red band of Landsat fused images, and NIR is the near-
infrared band. For different date-acquired images, slight 
time difference can cause significant NDVI differences 
with regard to cultivated cropland. Manually defining 
fixed thresholds to extract cultivated cropland is time-
consuming and therefore an automated threshold algo-
rithm embedded in the eCognition Developer 8.7, was 
used instead. For the salt field and canal classes, slight 
time differences don not result in obvious spectral vari-
ance; therefore, fixed threshold values were set. For the 
fallow cropland, rural settlement, SWC reservoir, and 
another reservoir classes, manual interpretation was used. 
In particular, manual interpretation with the assistance of 
Google Maps place names was used to classify rural set-

tlements. The object-oriented image classification method 
and manual interpretation were performed using the 
eCognition Developer 8.7 software (Trimble Navigation 
Ltd., Westminster, Colorado, USA). 

 
Land use / land cover change detection method. 

Many studies have investigated LUCC using multi-
temporal satellite data, including the use of the spectral 
variance based method [17], the cross-tabulation detection 
method [18], the hybrid classification method [19], visual 
interpretation [20–22], and post-classification comparison 
[23–27]. Post-classification comparison is one of the most 
used methods and can minimize the influence of data ac-
quisition differences. The accuracy of the post-
classification comparison method depends on classification 
accuracy and image recognition precision. In this study, the 
land use/land cover classification maps were statistically 
analyzed to quantify the LUCC. The change amount and 
change rate of land use/land cover of the five periods 
(2000–2003, 2003–2009, 2009–2011, 2011–2013, and 
2000–2013) were obtained.In order to determine the 
change rate of land use/land cover within a certain period, 
the land use dynamic degree (LUDD) was used. The 
LUDD was calculated as shown in Eq. (1): 

(S ) 100%b a

a

SLUDD
S T


 


                           (1) 

where bS  and aS  are the areas of the land use/landcover 

types at times b  and a , respectively, and T  is the cover 
types at times b  and a , respectively, and T  is the time 
interval between b  and a . 
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FIGURE3  
 The flowchart of land use / land cover classification methodology. 

 
 

RESULTS AND DISCUSSION 
 
Land use / land cover classification results. Ac-

cording to the methodology described in Figure 3, land 
use/land cover classification maps (and associated qualita-
tive information) of the SWC reservoir region during the 
five different times periods were obtained using both the 
Landsat ETM+ and OLI_TIRS images. The results, which 
are shown in Figure 4, Figure 5, and Table 1, show the 
LUCC across the study period. In summary, the results 
show increases in the areas of the SWC reservoir, another 
reservoir, and rural settlement classes, but significant 
decreases in the area of the salt field class. The another 

reservoir class doesn’t appear in the classification maps of 
2000 and 2003, but appears on the maps for 2009, 2011, 
and 2013, and clearly relates to the increased number of 
reservoirs. In addition, the results clearly show a converse 
change trend between cultivated cropland and fallow 
cropland. For example, the area rates of cultivated 
cropland (28.30%) and fallow cropland (57.85%) in 2000 
were higher and lower, respectively, than in 2003 
(13.81% and 72.43%, respectively). 
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                         (a)                                                         (b)                                                        (c)                 

                
                        (d)                                                          (e)                                                
                                                                                   

FIGURE 4 
Land use and land cover (LULC) classification maps of the Shuangwangcheng reservoir region within time. (a) 

LULC map in 2000. (b) LULC map in 2003. (c) LULC map in 2009. (d) LULC map in 2011. (e) LULC map in 2013. 
 
 
                                                                                   TABLE 1  

Land use/land cover area in the Shuangwangcheng reservoir region from 2000 to 2013 (unit: km2). 
 

Land use/land covers 2000 2003 2009 2011 2013 
Canal 2.26 3.09 5.74 3.47 5.16 
Cultivated cropland 63.67 31.08 22.99 27.13 39.74 
Fallow cropland 130.17 162.96 169.05 166.85 150.02 
SWC reservoir 5.33 5.50 5.55 7.32 7.79 
Another reservoir 0.00 0.00 1.04 1.04 1.04 
Rural settlement 7.64 7.64 7.65 7.88 8.57 
Salt field 15.93 14.71 12.99 11.31 12.68 
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FIGURE 5  
 Land use/land cover area change within years (%). 

 
 
Land use / land cover change. The LUCC in the 

SWC reservoir region across the 13-year study period are 
shown in Table 2 and Table 3. The area of the SWC res-
ervoir increased from 5.33 km2 in 2000 to 7.79 km2 in 
2013. From 2000 to 2013, the area of rural resettlements 
increased steadily, with 0.93 km2 of other land use types 
being converted to rural settlements. The salt field area 
decreased by 3.25 km2, falling from 15.93 km2 in 2000 to 
12.68 km2 in 2013. Compared with other land cover 
types, cropland, including cultivated cropland and fallow 
cropland, show a small LUDD rate (−0.16%). For the 
periods 2000–2003, 2003–2009, 2011–2013, and 2000–
2013, the canal area showed an increasing trend, reaching 
an average LUDD of 9.86% between 2000 and 2013, but 
there was a declining trend between 2009 and 2011. 
These increases were due to canal construction, connect-
ing water sources (e.g., rivers and reservoirs) to rural 
settlements, croplands, etc., following the completion of 
two projects: the Water Diversion Project from the Yel-
low River into Qingdao and the SNWTP-Eastern Route. 
The decline between 2009 and 2011 can be explained by 
the planting of cropland (cultivated or fallow) along the 

canal lines to facilitate irrigation. Furthermore, in the land 
use/land cover classification processing, the cultivated 
cropland class was designed to be the first land use type 
extracted. Therefore, mixed pixels consisting of cultivated 
cropland and canals were initially classified as cultivated 
cropland because their NDVI values were greater than the 
user-defined threshold value. For the mixed pixels classi-
fied as cultivated cropland, it was considered an appropri-
ate extraction and was not corrected. 

For the SWC reservoir area, the change trend accel-
erated continuously during all periods, reaching the high-
est rate (16.01%) between 2009 and 2011, and exhibiting 
a mean LUDD of 3.55% between 2000 and 2013. These 
results reflect the expansion of the SWC reservoir in Au-
gust 2010, which was scheduled for completion in 2013. 
Therefore, the area of the SWC reservoir continued to 
increase between 2011 and 2013, with LUDD of 3.21%. 

In addition to the SWC reservoir, an additional res-
ervoir was also completed before April 2009; therefore, 
the area of another reservoir class increased by 1.04 km2 
from 2003 to 2009. From 2009 to 2013, the area of anoth-
er reservoir class remained unchanged. 
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TABLE 2 
Land use/land cover change and its dynamic degree in the Shuangwangcheng reservoir region from 2000 to 

2013 (area unit: km2, LUDD unit: %). 
 

Land cover change 2000-2003 2003-2009 2009-2011 2011-2013 2000-2013 
Area LUDD Area LUDD Area LUDD Area LUDD Area LUDD 

Canal 0.83 12.29 2.65 14.26 -2.27 -19.75 1.68 24.25 2.90 9.86 
Cultivated cropland -32.59 -17.06 -8.09 -4.34 4.14 8.99 12.61 23.24 -23.94 -2.89 
Fallow cropland 32.80 8.40 6.08 0.62 -2.20 -0.65 -16.83 -5.04 19.85 1.17 
SWC reservoir 0.17 1.09 0.04 0.12 1.78 16.01 0.47 3.21 2.46 3.55 
Another reservoir 0.00 N/A 1.04 N/A 0.00 0.00 0.00 0.00 1.04 N/A 
Rural settlement 0.00 0.00 0.01 0.02 0.23 1.52 0.70 4.41 0.93 0.94 
Salt field -1.21 -2.54 -1.73 -1.96 -1.68 -6.46 1.37 6.06 -3.25 -1.57 

Note: N/A denotes that its value can’t be calculated because the denominator is zero. 
 
 

TABLE 3 
The land use/land cover change and its dynamic degree of cropland in the Shuangwangcheng reservoir re-

gion from 2000 to 2013. 
Cropland 2000-2003 2003-2009 2009-2011 2011-2013 2000-2013 
Land use/land cover change (km2) 0.20 -2.00 1.94 -4.22 -4.08 
Land use dynamic degree (%) 0.03 -0.17 0.50 -1.09 -0.16 

Note: Croplands include cultivated croplands and fallow croplands. 
 
 
Accordingly, the area of the rural settlement class 

increased continuously from 2003 to 2013, with the high-
est rate (4.41%) between 2011 and 2013, and a mean 
LUDD of 0.94% between 2000 and 2013. These results 
reflect population migration resulting from the construc-
tion of the SWC reservoir. 

 
Accuracy assessment. LUCC detection accuracy ful-

ly depends on the accuracy of the land use/land cover clas-
sification, with higher classification accuracy resulting in 
higher LUDD accuracy. Due to the difficulty in acquiring 
historical land use/land cover maps, 100 random samples 
from the multi-temporal Landsat fused images were select-
ed and used for manual verification with the assistance of 
Google Maps. The results showed that the proportion of 
corrected classifications was greater than 90%. In addition, 
the SWC reservoir was selected as the reference land cover 
type and the actual SWC reservoir area and the evaluated 
area were compared. Based on information from the rele-
vant department, the expanded SWC reservoir is known to 
cover an area of 7.79 km2, while the evaluated SWC reser-
voir area was also 7.79 km2; thus, the results of this study 
showed 100% consistency. 

 
 
CONCLUSIONS  
 
In this study, LUCC from 2000 to 2013 in the SWC 

reservoir area of the SNWTP-Eastern Route, China, was 
evaluated using the NSCT-GIHS image fusion method 
and object-oriented image classification. Between 2000 
and 2013, large changes occurred in the land use/land 
cover of the SWC reservoir area. In particular, there was 

an increase in the total area of reservoirs, including the 
SWC reservoir and another reservoir class. In addition, 
there was an increase in rural settlements, with LUCC 
changing most rapid immediately before and after the 
construction of the SWC reservoir. The SWC reservoir 
area had the highest land use dynamic rate (16.01%) be-
tween 2009 and 2011, reflecting the SWC reservoir ex-
pansion in August 2010. The area of the rural settlement 
class increased continuously from 2003 to 2013, reaching 
the highest LUDD (4.41%) between 2011 and 2013, re-
flecting population migration resulting from the construc-
tion of the SWC reservoir. The results also showed an 
increase in canals, but a decrease in salt fields from 2000 
to 2013. During this time, a number of canals were con-
structed as a part of water transfer projects. 

In Shandong Province alone, thousands of plain reser-
voirs along the SNWTP-Eastern Route are under-
construction or in the planning stage; therefore, it is 
important to acknowledge the LUCC induced by plain 
reservoir construction. This study provides an example 
methodology for characterizing patterns of LUCC in 
plain reservoir areas. Remote sensing datasets and tech-
nology are available for advanced, yet cost effective 
LUCC monitoring. In particular, the image fusion and 
object-oriented image classification method can be uti-
lized to achieve accurate LUCC results. The processing 
flow developed in this study can also be used for LUCC 
monitoring of urban expansion, wetland reclamation, 
landslide hazard, soil erosion, etc. 
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ABSTRACT 

 
In this paper, the effect of basalt fiber (BF) on 

mechanical properties of concrete as well as the BF 
production in stages and the cost analysis of BF are 
reported. As emphasized in the recent literature, the 
industrial and academic world are focusing their 
attention and efforts towards the development of 
sustainable composite materials, reinforced with 
natural fibers, among which BF stands out for its 
properties. In this work, the BF production is 
analyzed in a perspective for development and 
manufacturing of BF in a country with small GDP. 
It is found that BF production lines could be 
arranged at low capital costs for any business 
needs. Normal strength concretes were cast with 
fixed water to cement ratio of 0.55 and a total of ten 
mixtures were prepared by incorporating different 
amounts and sizes of BF and steel fibers. 
Experimental results show that the inclusion of BF 
even at low contents result in an increase in the 
flexural strength. The cost analysis of using BF in 
concrete indicate that it is cheaper than using steel 
fiber as well as s-glass and carbon fibers. All in all, 
BF has all the properties that are sought by the 
building industry, such as moderate structural 
strengthening, in combination with low 
implementation costs, high durability, 
environmental friendliness, recyclability and high 
resistance to fire. Therefore, basalt fiber 
strengthening in fiber reinforced concrete systems 
is a very good alternative methodology. 
 
KEYWORDS: 
Basalt fiber; basalt fiber production; mechanical strength; 
mechanical testing; cost analysis 
 
 

INTRODUCTION 
 

Concrete is a composite material with a low 
tensile strength and tensile strength limit 
(Uygunoglu 2008, Tassew and Lubell 2014, Faiz 
2013). Fibers are known to deteriorate the 
workability of concrete due to the fact that fibers 

have a larger surface area than aggregates and 
therefore surface coating of fibers need to adsorb a 
lot of water and cement paste and this process 
causes a loss in the viscosity of the overall 
composite (Dias and Thaumaturgo 2005, Chen and 
Liu 2005). On the other hand, the addition of fibers 
in the concrete mixture can considerably improve 
the engineering properties of concrete such as 
toughness, load bearing capacity upon cracking, 
post-cracking ductility, flexural and impact 
strength, rheology and durability  (Mohammadi et 
al. 2008, Yazıcı et al. 2007, Hannant 2003, Banthia 
and Sappakittipakorn 2007, Felekoǧlu et al. 2009). 
According to previous studies (Grdic et al. 2012, 
Horszczaruk 2005, Li et al. 2006, Yen et al. 2006, 
Siddique 2003, Siddique et al. 2012, Atiş 2002). 
The use of fibers have also some additional 
advantages, such as reduction in abrasive wear of 
concrete which is mostly affected by the aggregate 
properties, environmental conditions, water to 
cement ratio, fiber volume in the mixture, use of 
additives, voids, type of cement and concrete 
mixture proportions. Various types of fibers can be 
used to reinforce the cement composite products, 
such as steel, organic fibers, glass, asbestos and 
polypropylene (Hannant DJ, 2003). 

Among all the currently used fibers, steel 
fibers stand out due to their high elastic modulus 
and stiffness which help improve the compressive 
strength of concrete. However, corrosion is a 
persisting problem in the use of steel fibers in 
concrete composite. Additionally, it has been 
observed that steel fibers will cause a balling effect 
when introduced in the mixture and workability of 
the concrete will be substantially decreased (Nanni 
A., 1991). Glass fibers are susceptible to alkaline 
environments, whereas the chemically inert carbon 
fiber has a distinct disadvantage of high cost and 
anisotropy. On the other hand, synthetic fibers 
usually have low elastic modulus and low melting 
point.  

Basalt fiber (BF) is a good alternative to other 
type of fibers and offer the possibility of innovative 
applications in concrete composite, due to its 
expedient characteristics such as high elastic 
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modulus, thermal stability, fire with less poisonous 
fumes, resistance to chemical attacks, sound 
insulation, strength and electrical (Barashykov 
A.Ya.2012, Gulik and Biland 2012, Jiang et al. 
2010, Artemenko 2003, Sivakumar and Santhanam 
2007, Shen et al. 2008, Huang and Deng 2010, Sim 
et al. 2005). In addition, BF manufacturing process 
is similar to that of the glass fiber, but with no 
additives, which makes it cheaper than some of the 
glass fibers and a somewhat more environmentally 
friendly option (Deák and Czigány 2009, Lopresto 
et al. 2011, Borhan 2012). BF is produced in a 
continuous process similar in many respects to 
glass fiber production (Swink and Sokolinsky, 
2002), which can be divided in 7 different process 
which are the rock preparation, melting, fiber 
formation, coating, winding, drying and 
assembling/chopping/twisting. 

The credit for the BF production process has 
to be given to Paul Dhé, Paris, France, who in 1923 
got a US patent for extruding filaments from basalt. 
Despite this relatively early progress towards BF 
production, the first continuous basalt fibers (CBF) 
was successfully produced in the 1960s in the U.S. 
and the Soviet Union (USSR). The aim behind 
these particular researches was mainly for military 
applications. Owens Corning and several other U.S. 
glass companies, which conducted independent 
R&D programs, abandoned BF programs, but CBF 
research had been continued in Eastern Europe. As 
a result the first industrial scale CBF plant was built 
in Ukraine in late 80s (Jigiris, 2002). 

A lot of researches have been performed on 
BF as a strengthening material for concrete 
composites (Sim et al. 2005, Manikandan et al. 
2012, Yeboah et al. 2012, Fiore et al. 2011). These 
researches are on the effect of short length BF on 
concrete properties. There is also an early study on 
the chemical durability of BF which was conducted 
in 1981 by Ramachandran et al.. This study can be 
considered as the basis on the potential of using BF 
in reinforced concrete. Furthermore, Zieliński and 
Olszewski (2005) studied the physical and 
mechanical properties of concrete composite 
reinforced with BF at 28 days and realized the 
optimum mixing amount of BF with cement paste. 
There has also been numerous studies on the 
relation between mixing amount of BF and the 
fracture toughness (Dias and Thaumaturgo, 2005), 
impacting behavior and damage evolution of basalt-
FRC (Zhao et al., 2010) and impact behavior of BF 
reinforced concrete under various high strain rates 
(Li and Xu, 2009). There were also other studies 
providing the community a better knowledge of BF 
properties to facilitate its use in concrete 
composites such as the study of Brik (Brik et al. 
1998, Brik VB. 1999, Brik VB. 1999) investigating 
the properties of BF as a replacement for steel 

fibers for concrete structures. Brik et al. (1998) 
states that BF mixes in the concrete without 
segregation and do not form balls such as steel 
fibers, therefore it is easier to handle during 
construction process.   

In this paper, the authors investigate normal 
strength concrete samples with different amounts of 
BF. They report on the analysis of test results from 
an engineering standpoint to evaluate the 
applicability of BF in civil engineering 
applications. The study focuses on the floor slab 
with self levelling concrete construction in an 
industrial building with the partial use of BF as 
main reinforcing material in concrete. The results 
indicate an improved flexural strength even at low 
BF content. The overall results confirm the authors’ 
claim that BF is a good alternative to other similar 
products, in consideration with construction of 
facility for producing of BF in Estonia. This study 
also compares the experimental results of flexural 
strength for steel fiber reinforced self-levelling 
concrete with the BF reinforced one as well as 
overall cost analysis for the construction of the 
said-object. The authors also give their unique 
perspective on the development and manufacturing 
of BF in a country with small GDP. 

 
 
METHODOLOGY 

 
Comparison of fibers as strengthening 

material for concrete composite. As different 
constructions have different properties and 
requirements, it has been an interesting topic to 
improve durability and toughness of concrete. 
Concrete is in essence a brittle material and tends to 
crack during its life span. Several types of fibers as 
strengthening materials to concrete are available: 

 Steel fibers: there are different patterns 
such as straight, twisted, hooked, ringed etc. 
Diameter range differs from 0.25 to 0.76 mm.  

 Glass fibers: Pattern is straight. Diameter 
range differs from 0.005 to 0,015mm.  

 Natural organic and mineral fibers: Wood, 
cotton, bamboo and rockwool. They have variety of 
sizes and properties.  

 Polymer fibers: There are variety of types. 
Cost-efficiency must be a consideration. 

 Asbestos: primarily used in the early 
1900s, although abandoned due to serious 
associated health risks. 

As stated previously, various types of fibers 
can be added in concrete composite as 
strengthening materials. Among all the fibers, steel 
fiber is the most commonly used in the industry, as 
it has high elastic modulus, stiffness and its 
addition in the mix improves the compressive 
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strength and toughness of concrete. However, steel 
fibers are susceptible to chemical environments. In 
addition, Nanni A. (1991) states that adding steel 
fiber into the concrete composite will cause a 
balling effect and severely reduce the workability 
of concrete. Furthermore, glass fiber has high 
sensitivity to alkaline conditions. Carbon fiber is 
chemically inert and very stiff, but it has very high 
cost and has problems with anisotropy. Polymeric 
fibers on the other hand usually have low elastic 
modulus and melting point as well as poor bonding 
with inorganic matrices.  

BF can be offered as a potential strengthening 
material in concrete composite. BF is an inorganic 
fiber extruded from melted basalt rock. Therefore, 
it can be stated that it is environmentally friendly 
and it can also be recycled when necessary. BF has 
certain disadvantages. The chemical durability of 
BF was first demonstrated by Ramachandran et al. 
in 1981. In the recent literature the study of Sim et 
al. (2005) stands out as a fully comprehensive study 
on the characteristics of BF as a strengthening 
material for concrete structure. Sim et al. (2005) 
finds that when BF is immersed into an alkali 
solution it loses its volume and strength (Sim et al. 
2005). Sim et al. (2005) also states that BFs provide 
excellent fire resistance, as they keep 90% of their 
normal temperature strength when exposed to 600 
oC over 2 hours. In addition, BFs do not produce 
poisonous fumes during a fire. Additionally, BFs 
have approximately the same specific density as 
concrete, therefore the distribution of BFs in the 
concrete matrix tends to be homogenous unlike 
steel and polymeric fibers (Sim et al., 2005).  

Another interesting property of BF is its 
radiation shielding property. After further testing 

and thorough qualification, it may be useful to 
consider such composites for projects with specific 
operating conditions over a long period of time, 
such as certain components at nuclear power plants 
or radioactive or hazardous waste storage facilities 
(Gulik, V., Tkaczyk, A.H., 2014, Pavlovych V.M. 
et al. 2008, Ipbüker C. et al. 2015).  

The overall cost of using BFs in construction 
projects is also of importance. Previous studies on 
the cost-efficiency of BF addition in concrete has 
shown that it may be several times cheaper than 
using steel fibers (Gulik and Biland, 2012). 

 
Practical approach for the development of 

basalt fiber manufacturing in a country with a 
small Gross Domestic Product (GDP). There has 
been growing interest in the recent years to set up 
continuous BF production lines by non-core 
businesses or businesses with a limited budget of 
capital expenses. This was promoted by several 
factors. First, there are many companies using BFs 
in one form or another only for internal 
consumption, e.g. for improving technical or 
mechanical properties of their own current 
products. Second, purchasing fiber in bulk from 
major manufacturers would lead to a potential price 
increase for their own products. Third, there is a 
clear lack of flexibility for the current BFs available 
on the market. When a specific character property 
is required, fiber producer would need to alter their 
existing production process, such as necessity for 
high resistance to acids or alkalis. None of the 
major manufacturers of BFs can easily adapt their 
big ovens for a new raw material and therefore the 
so-called smaller producers would be forced to 
build their own production lines accordingly. 
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FIGURE 1 

1. The simple scheme of small facility for basalt fiber producing. 1. Basalt from quarry; 2. Washing; 3. Magnetic 
separation; 4. Dryer; 5. Melting furnace; 6. Sizing agent storage tanks; 7. Sizing agent applicator; 8. Winder; 9. 

Chopper; 10. HF dryer; 11. Packing; 12. Warehouse. 
 
 
Several engineering companies are specialized 

in designing and installing such small facilities for 
the production of BF. Capital costs are strongly 
dependent on the production capacity of the 
proposed equipment and can range from EUR 0.54 
million to EUR 1.34 million. 

Figure 1 shows an example of a relatively 
small production facility on a plot area of 600m2, 
comprised of all the necessary components of BF 
production. The BF production in such a facility 
can be summarized as follows: Before the start of 
production of continuous BF, basalt gravel is 
crushed to the required fraction and delivered to the 
site for the preparation of raw materials (1). Gravel 
with average size of 5 to 12 mm is washed (2), then 
it is separated from random metallic inclusions by a 
magnetic separator (3), and dried in a special drying 
apparatus. The next step is using the crane or 
telpher to intermittently feed the basalt gravel into 
the hopper loader, which is installed above the 
melter. The melt from the furnace forehearth flows 
to the feeder by gravity, where the platinum drain 
tubes are located at the bottom. At this point, the 
melt is fed into a platinum bushing with an electro-
heating through the drain tube, which helps to form 
a strand of thin basalt filaments. This strand then 

passes through the sizing applicator (7) where 
sizing agent is applied to the surface of basalt 
filaments (6). Filaments are then collected as a 
multifilament yarn and wound onto removable 
bobbins (8). Direct chopping of filament yarn by 
means of special chopping apparatus take place (9) 
directly under the platinum bushing. These wound 
bobbins are dried (10) and sent out for further 
processing. The wet chopped fibers are subject to 
further processing by manufacturer, e.g. preparation 
for further mixing with concrete composite. 

This scheme has been greatly simplified and 
does not take into account certain specificities and 
the differences in existing equipment of various 
manufacturers, but in general the elements of 
production are the same, as well as the order of 
process. 

 
Materials, specimen and testing procedure. 

The object of this study is a self-levelling floor of 
an industrial building, in Elva, Estonia. The slab is 
illustrated in Figure 2. and has the following 
dimensions: length = 36m; width = 17m; thickness 
= 6cm.  

 



by PSP Volume 25 – No. 1/ 2016, pages 355-364  Fresenius Environmental Bulletin    
 

359 
 

 

 
 

FIGURE 2 
The simple scheme of building site 

 
 
The materials used include limestone coarse 

aggregate, natural river sand, cement, chemical 
admixtures, BF and steel fiber. The maximum 
particle size for the coarse aggregate and natural 
river sand was 16mm and 2mm respectively. The 
type of cement used was rapid hardening oil-shale 
cement CEM II/A-T 52.5 N and its physical and 
mechanical properties are presented in Table 1. A 

setting accelerator was used to reduce the setting 
time, increase the early strength as well as protect 
the concrete from frost attack. In addition, an 
acrylic polymer based superplasticizer was used to 
reach a high level of workability. The concrete was 
cast with a water to cement ratio of 0.55. 

 

 
 

TABLE 1 
Physical and mechanical properties of cement. 

 
Physical Properties 
Setting time (min) 180 
Volume expansion (mm) ≤10 
Specific surface (cm2/g) 4200 
   
Compressive strength  
1 day (MPa) 17 
2 days (MPa) 31 
28 days (MPa) 58 

 
 
BF with a density of 2.8 g/cm3 and a length of 

12 mm was used in this study at varying content. 
Physical and mechanical properties of BF and steel 
fibers are presented in Table 2 and 3, and the 

chemical composition of BF is presented in Table 
4.  

 

 
 

TABLE 2 
Properties of basalt fiber 

 
length (mm) diameter (µm) density (g/cm3) Elastic Modulus (GPa) Elongation (%) 
24 13 - 20  2.8 89 3.15  
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TABLE 3 
Properties of HE 75/50 hooked-end steel fiber* (in accordance with EN 14889-1 type 1 cold-drawn wire) 

 
length (mm) diameter (µm) Tensile strength (MPa) Bending angle  Hook depth 

(mm) 
Hook length 
(mm) 

50 750 1200 45° 1.8 1 - 4 
* Information retrieved from ArcelorMittal 
 
 

TABLE 4 
Chemical composition of basalt fiber 

 
Chemical Composition of Basalt Fiber (%) 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 S Cl 
49.68 2.67 15.62 11.72 0.20 4.81 8.29 4.30 1.75 0.90 0.04 0.02 
            

 
 
As stated in Dias and Thaumaturgo (2005) 

study, fibers consume a fraction of water and 
cement paste to coat its surface area which 
generally increases the viscosity of the mixture, 
therefore it is characteristic for fibers to deteriorate 
the workability of concrete. In order to provide the 
target slump of slump class S4 (16-21cm), as 
designated by EN 206-1:2000, superplasticizer was 
used. As the use of admixtures might retard the 
setting time, setting accelerator was used. 

The object slab was divided on three equal 
parts with dimensions 17m to 12m. The first part 
was reinforced with steel fiber, whereas the second 
and third parts were reinforced with BF.  

Steel fibers used were hooked-end steel fibers 
with a wire diameter of 0.75mm (± 2.0 mm) and a 
length of 50mm (± 0.3 mm). The tensile strength of 
drawn wire is 1200 N/mm2. The steel fibers were 
used as described in EN 14889-1:2006 with a 
dosage of 20 kg/m3.  

The dosage of BFs in second and third part of 
the slab were 2 and 3 kg/m3 and they are referred to 
in this study as type A and type B BF respectively.  
 
 
 

RESULTS 
 

Experimental Results. In order to determine 
the effect of BF addition on flexural strength and 
compare it with the steel fibers, 10 prismatic 
specimens were cast with dimensions of 
600x100x100mm. All specimens were cured in 
water at 20 ± 2 °C before performing hardened 
concrete tests.  

The flexural strength of prismatic specimens 
as well as the concrete density estimations were 
determined according to EVS-EN 12390-7:2009 
and EVS-EN 12390-5:2009 respectively.  

The average of flexural strength values of 
concretes and associated densities of specimens are 
given in Table 5. Table 5 shows that the average 
flexural strength of concrete reinforced with steel 
fibers with a dosage of 20 kg/m3 roughly equals to 
the average flexural strength of concrete reinforced 
with BFs with a dosage of 3 kg/m3. However, 
flexural strength is observed to be improved in the 
case of BFs with a dosage of 2 kg/m3. It must also 
be noted the highest flexural strength is observed 
for the sample with the highest density.  
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TABLE 5 
The flexural strength and density characteristics of concrete samples with different types of fiber 
 

Samples Dimensions (mm) Density 
(kg/m3) Force (kN) Flexural strength(MPa) 

length width height Single Average 
HE 75/50 hooked-end steel fiber 
MF #1 598.0 106.0 106.5 2240 22.6 5.6 

5.2 MF #2 598.0 103.0 107.0 2320 19.5 4.9 
MF #3 596.5 101.0 109.5 2330 20.9 5.2 
MF #4 597.0 101.0 110.0 2350 21.0 5.2 
Type A basalt fiber with a dosage of 2 kg/m3 
BFA #1 596.5 103.0 106.5 2400 23.3 6.0 

5.5 BFA #2 597.0 102.5 106.0 2320 20.3 5.3 
BFA #3 596.5 102.0 106.5 2330 20.6 5.3 
Type B basalt fiber with a dosage of 3 kg/m3 
BFB #1 597.0 104.0 106.5 2320 20.2 5.1 

5.1 BFB #2 598.0 102.0 103.0 2300 17.4 4.8 
BFB #3 596.0 104.0 107.0 2300 20.8 5.3 

 
 
the slight drop in flexural strength from fiber 

dosage of 2 kg/m3 to 3 kg/m3 is in accordance with 
the results of previous studies. Jiang et al. (2014) 
reports that when the fiber volume fraction 
increases from 0.3% to 0.5%, then a marginal drop 
in the flexural strength can be observed. Kabay 
(2014) also reports a similar result of 1% drop in 
higher amount of fibers. This drop in flexural 
strength with the increase of fiber content in 
concrete can be explained with the difficulty in 
dispersion of fiber in the matrix due to high 
volume, thus it is often indicated in the literature 
that there is a suitable admixture rate of BF in 
concrete.  

Previous studies also indicate that the addition 
of fiber into the concrete significantly improve the 
flexural behavior of concrete. Song and Hwang 
(2004) states that the flexural strength of concrete 
increases considerably with the addition of steel 
fibers into the mix, whereas Sivakumar and 
Santhanam (2007) reports that the addition of 0.6 
kg/m3 of polypropylene, polyester and glass fiber 
improve the flexural behavior of concrete by 7.6%, 
21.3% and 14.4% respectively. These results are 
also in accordance with the studies of Suna and Xu 
(2009), Felekoǧlu et al. (2007) and Altun et al. 
(2007). Suna and Xu (2009) note that the addition 
of 0.9 kg/m3 polypropylene fiber results in a 14.4% 
increase in flexural strength. Felekoǧlu et al. (2007) 
indicate that the addition of steel fibers with a 
dosage of 156 kg/m3 improve the flexural strength 
by 19%. Altun et al. report that the use of steel 
fibers enlarge the flexural strength by 46 to 81% 
depending on fiber volume ratio. 

 
 
 

Cost analysis. The cost analysis of this study 
is comprised of materials and labor. The cost 
analysis study solely focus on the construction of 
self-leveling floor which is divided into 3 sections, 
steel fiber reinforced and BF reinforced at varying 
dosage. The data on materials and labors for the 
construction of these sections gives us the 
opportunity to provide a comparison between two 
types of construction. 

The amount of concrete used is 3.8 m3. As the 
concrete type do not differ for the construction, it is 
of no use to compare it in the cost analysis. On the 
other hand, 1 kg of steel fiber cost 0.9€, therefore, 
an average of 18€ for steel fiber per cubic meter is 
recorded. The average cost of 1kg of BF is 5€, thus, 
an average of 10-15€ of BF per cubic meter is 
recorded. The cost of BF differs greatly depending 
on the producers and amount imported. This is the 
reason this study intends to give an overview of 
perspective on setting up small scale BF production 
facility for industrial purposes in Estonia. It is 
worth noting that if such a BF factory were to be 
constructed, the cost of BF would be reduced from 
10-15€ per cubic meter to only 8-10€. It is observed 
that the cost of steel and BF per cubic meter also do 
not differ from each other on a great extent.  

Consequently, an advantage in the use of BF is 
seen in labor savings. 30 plus man hours were 
required to install the formwork on the slab. 
However, the main difficulty in steel fiber 
reinforced concrete construction is the workability. 
More man hours are needed in order to increase the 
workability of concrete because getting proper 
distribution of fibers in the matrix is very 
important. Otherwise, the steel fibers tend to ball up 
in the matrix. This difficulty is generally overcome 
by feeding the fibers slowly, continuously and 
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uniformly into the wet mix through vibratory 
feeders. Water addition into the matrix can also be 
considered in order to improve the workability, but 
this eliminates the advantage of using fiber 
reinforcements by severely reducing the flexural 
strength. On the other hand, as BFs are very light, 
of short length, and do not form balls in the matrix, 
they are very easy to feed into the concrete.  

All in all, it can be concluded that BF has a 
distinct advantage in reducing the overall 
construction costs, especially in terms of labor 
costs. However, it is also worth indicating that fiber 
reinforced concrete (FRC) has a generally higher 
cost as it employs higher cement content, which 
may lead to possible thermal contraction problems 
in the setting stage.   

 
 

CONCLUSION 
 

This study analyses the effects of BF addition 
in normal strength concrete in terms of flexural 
strength as well as the comparison of results with 
the usage of steel fibers. In addition, this study also 
informs in terms of cost analyses of employing BF 
and steel fibers and gives a unique perspective on 
setting up small scale BF production facility for 
industrial purposes. Experimental results have 
shown that the addition of BF even at low contents 
could provide significant contributions to concrete 
in terms of flexural strength. An increase in flexural 
strength up to 6% is observed when the dosage of 
BF in the mixture is 2 kg/m3. When the BF dosage 
is increased to 3 kg/m3, the flexural strength of this 
matrix equals to 20 kg/m3 steel fibers in concrete.  

The main conclusions of the study may be 
summarized as follows: 

1. BF is overall a cheaper alternative to other 
fiber strengthening materials for concrete as it 
reduces the construction costs. 

2. Small scale BF production facilities in 
Estonia will further reduce the production costs. 

3. Addition of BF resulted in an improvement 
in flexural strength. 

4. BFs can be regarded as a very good 
strengthening material for concrete in comparison 
with carbon and glass fibers, even though to some 
extent BFs’ structural strengthening effects may be 
less than these two types of fibers. 

5. Moderate structural strengthening, in 
combination with low implementation costs, with 
high durability, environmental friendliness, 
recyclability and high resistance to fire are all good 
characteristics that are sought by today’s Building 
industry. Therefore, it can be concluded that BF 
strengthening in fiber reinforced concrete systems 

has the potential to become an alternative 
methodology. 
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