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CREATING BIOCLIMATIC MAPS USING SPATIAL
INTERPOLATION TECHNIQUES IN NORTHERN TURKEY
Mustafa Güler1,*, Bilal Cemek2 and Hakan Arslan2
2

1
Middle Blacksea Development Agency, Samsun, Turkey
Department of Agricultural Engineering, Ondokuz Mayıs University, Kurupelit-Samsun

ABSTRACT
This study used Geographical Information System
(GIS) and spatial interpolation techniques to calculate the
spatial distribution of various bioclimatic indices for
Northern Turkey. The results varied among the indices. Ordinary Kriging (OK) was the most appropriate method for
producing bioclimatic maps of summer drought stress
(SDS), winter cold stress (WCS), Rivas-Martinez ombrothermic (Oi) and continentality (Ci) in the study area.
On the other hand, Simple Kriging (SK) was the best fitted
interpolation method for De Martonne Aridity Index (IDM).
Thin Plate Spline (TPS) had the highest root mean square
error (RMSE), whereas the lowest RMSE values were derived from Inverse Distance Weighting (IDW) and Spline
with P=2. In general, the lowest RMSE values were obtained with N=8 and N=12. Spatial maps produced by the
most appropriate methods showed different climatic conditions. Whereas SDS values were similar along the coast
and then increased in line with movement towards the interior, WCS values were lower along the coastline, and
then increased with movement inland.In terms of IDM, the
study area was classified into 5 different regions, from
semi-dry to very humid. Whereas the results for SDS, WCS
and IDM were in harmony with one another,Oi showed the
entire region to be hyperhumid, which is incompatible with
the results of the other indexes as well as with the observable conditionsin the region. Ci indicated the region to be
predominantly defined as oceanic.

KEYWORDS:
Bioclimatic index, interpolation, GIS, Turkey

1. INTRODUCTION
Climate has long been understood to be one of the
leading environmental factors in determining the distribution of plants and vegetation. Various studies of vegetation
* Corresponding author

and plant geography have highlighted the role of climatic
features such as temperature, precipitation and evapotranspiration, both individually and in combination [1-3]. The
use of a combination of parameters in the form of bioclimatic indices is considered to be more useful than the use
of individual parameters, which do not provide sufficient
information to accurately assess the effects of climate on
plants and vegetation [4]. Derived mainly from temperature and precipitation measurements, bioclimatic indices
are diagnostic tools that have been useful in improving understanding of various mechanisms operating within different climatic systems and have been used in numerous
studies [5-8]. Regional climatic conditions play a role in
determining the spatial distribution of bioclimatic indices,
and several attempts have been made at their interpolation.
For example, Cardoso and Lobo [9] used the Thiessen polygon method and linear regression with elevation to map
thermotypes, and Vicent [10] estimated some of the Worldwide Bioclimatic Classification System (WBCS) indices
using spline, inverse distance weighting, and universal cokriging.
Factors such as sampling density [11, 12], spatial distribution of sampling [13], sample clustering [14], surface
type [15], data normality [16], quality of secondary information and grid size or resolution [17], as well as a combination of these factors, affect the performance of different
spatial interpolation methods in different ways [14]. Given
that there is little evidence to suggest that any one interpolation method performs best under all conditions, determining the best method for interpolating bioclimatic data
on a regional basis remains a critical issue, especially in
areas with a low density of meteorological stations[10] .
This study used GIS techniques to calculate the spatial
distribution of five bioclimatic indices [Mitrakos Summer
drought stress (SDS) and Winter cold stress (WCS) indices, De Martonne Aridity Index (IDM), and Rivas-Martinez
Ombrothermic (Oi) and Continentality (Ci) indices] in
northern Turkey from monthly average temperature and
precipitation data collected from 69 meteorological stations located in northern Turkey and compared the performance of different interpolation methods and parameters
used in interpolating the same set of variables.

3537

© by PSP Volume 24 – No 11. 2015

Fresenius Environmental Bulletin

FIGURE 1 - Map of the research site showing the distribution of meteorological observation stations. The points indicate the locations of the
69 observation stations in the area

where:
Ps = mean precipitation (mm) for June, July and August
If P = 0 then MDS = 100
If P ≥ 50 then MDS = 0

2. MATERIALS AND METHODS
2.1 Data

This study was conducted over an area of 62219 km2
in northern Turkey. The study area and station distribution
are shown in Figure 1. The study area is mountainous, with
sporadic plains, and dramatic changes may be observed
over short distances, particularly in the southern part of the
site. Elevation in the site ranges from 2 m to 2990 m. Temperature and precipitation data were collected from 69 observation stations (observation periods ranging from 730 years) including monthly mean precipitation and minimum, maximum and mean monthly temperatures.
2.2 Bioclimatic Indices
2.2.1 Mitrakos indices

Mitrakos [18] proposed the use of two monthly stress
indices – one based on aridity (drought) and the other on
temperature (cold) – to quantify the intensity of two different types of stress on plant species. This study calculated
summer drought stress (SDS) index values for June, July
and August and winter cold stress (WCS) index values for
December, January and February.
2.2.2 Summer drought stress

SDS = 2(50 − Ps)

2.2.3 Winter cold stress

WCS = 8(10 − T minw)
where
T minw= mean minimum temperature (oC) for December, January and February
2.2.4 De Martonne Aridity Index

De Martonne [19] proposed the following measure of
aridity, i.e. the degree to which a climate lacks effective,
life-promoting moisture:
IDM = P/(T+10)
where
P is the annual mean precipitation (mm), and T (°C) is
the annual mean air temperature.
At a constant temperature, an increase in IDM implies
an increase in precipitation. The De Martonne index is
comprised of 6 categories, as follows: Dry: IDM< 10; SemiDry: 10 ≤ IDM<20; Mediterranean: 20 ≤ IDM<24; Semi-hu-
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mid: 24 ≤ IDM<28; Humid: 28 ≤ IDM<35 and Very humid:
35 ≤ IDM≤ 55. Land with an IDM value below 20 requires
irrigation [20].
2.2.5 Rivas-Martinez Indices

2.4 Evaluation procedures

The most appropriate interpolation models were selected according to root mean square error (RMSE), which
was calculated as follows:
1

Rivas-Martínez [21] proposed a hierarchical classification of world climate based on a combination of these
two bioclimatic indices:

Where:
n is the number of observations or samples;
O is the observed values; and
p is the predicted or estimated values.

2.2.6 Ombrothermic index

The Annual Ombrothermic Index (Oi) considers the reduction in rainfall efficiency that occurs with increases in
temperature in order to express the average annual availability of water for plants, as follows:
Oi = 10 (YPP/YPT)
where
YPP = sum of the average precipitation (mm) of
months whose average temperature is higher than 0°C and
YPT = sum of the average temperature (oC) of months
whose average temperature is higher than 0°C.
Oi classifications are as follows: Hyperarid: 0-0.3;
Arid: 0.3-1.0; Semiarid: 1.0-2.0; Dry: 2.0-3.6; Subhumid:
3.6-6.0; Humid: 6.0-12.0; Hyperhumid: >12.0.
2.2.7 Continentality index

The Continentality Index (Ci) represents in Celsius the
annual average thermic interval, expressing the range between the average temperature of the warmest and coldest
months of the year, as follows:
Ci= Tmax−Tmin
where
Tmax is the mean temperature of the hottest month and
Tmin is the mean temperature of the coldest month. Ci classifications are as follows: Hyperoceanic: 0-11; Oceanic:
11-21; Continental: 21-65.
2.3 Spatial interpolation methods

This study analyzed and interpolated the above-mentioned bioclimatic indices using the following 7 techniques: Inverse Distance Weighting (IDW), Spline with
Tension (ST), Thin Plate Spline (TPS), Completely Regularized Spline (CRS), Simple Kriging (SK), Ordinary
Kriging (OK) and Universal Kriging (UK). All methods
were implemented based on [22-24], with certain basic parameters outlined, as follows:
IDW: Power: P=1, P=2; Neighborhood: N=4, N=8,
N=12, N=15, N=18; Angle=0; Major/minor semi
axis=1.10432; Anisotropy=1.
Spline (ST, TPS and CRS): Neighborhood: N=4, N=8,
N=12, N=15, N=18; Angle=0, Major/minor semi
axis=1.10432; Anisotropy=1.
Kriging (SK, UK, OK): Neighborhood: N=5; Angle=0; Semivariogram model=spherical; Trend=none (SK,
OK); Trend=constant (UK). All data analysis was made by
using spatial analysis modules from ArcGIS 9.2 software.

/

Cross-validation using a leave-one-out (station withholding) approach was used in evaluating different models
[24]. Accordingly, one station was sequentially excluded,
and the bioclimatic indices developed from the remaining
68 stations were used to predict the bioclimatic index of the
station excluded. The cross-validation procedure and RMSE
value were produced automatically by using ArgGIS 9.2
software.
3. RESULTS AND DISCUSSION
Bioclimatic index values of all 69 monitoring stations in
the study area were calculated and are presented in Table 1.
SDS values ranged from 0, observed at 10 different stations,
to 80.4, at Çandır/Yozgat. Overall, SDS values were lower
along the coast and higher inland (at Tokat, Yozgat and
Çorum).
WCS values ranged from 113.7 in Ünye/Ordu to
324.27 in Bereketli/Tokat. Whereas WCS values ranged
between 100-200 along the coastline in the provinces of
Ordu, Samsun and Sinop and at the lowest altitudes in the
provinces of Amasya and Tokat, WCS values inland and at
higher altitudes were above 200.
IDM values in the region varied significantly. In conclusion, IDM values were higher at stations in coastal areas and
lower at inland stations and stations at higher altitudes. A
total of 15 stations had a value under IDM-20,the droughtlimit, and 33 stations had a value above IDM-24, the humidity
limit. The highest IDM value was recorded at Gölköy/Ordu
(60.31), which was classified as very humid, and the lowest
value was obtained at Kargı/Çorum (15.69). When examined by province, Ordu had the highest IDM values (30.7760.31) and was classified as humid-very humid. IDM values
for Samsun and Sinop were similar and lower than those of
Ordu;IDM values for Amasya ranged between 17.73 and
28.36; and the lowest IDM values were observed in
Çorum (15.69- 23.68), which was classified largely as
semi-dry.
Oi values throughout the study area were found to be
above 12, the limit for hyperhumidity, and to vary significantly among stations. However, these findings were clearly
understood to be inaccurate, as they did not correspond to
actual climatic conditions in the region. By comparison,
SDS, WCS and IDM produced more accurate results. As a re-
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TABLE 1 - Calculated indexes, by station (minimum and maximum values are shown in bold)
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

Province
Amasya
Amasya
Amasya
Amasya
Amasya
Amasya
Amasya
Çorum
Çorum
Çorum
Çorum
Çorum
Çorum
Çorum
Çorum
Çorum
Çorum
Çorum
Ordu
Ordu
Ordu
Ordu
Ordu
Ordu
Ordu
Ordu
Ordu
Ordu
Samsun
Samsun
Samsun
Samsun
Samsun
Samsun
Samsun
Samsun
Samsun
Sinop
Sinop
Sinop
Sinop
Sinop
Tokat
Tokat
Tokat
Tokat
Tokat
Tokat
Tokat
Tokat
Tokat
Tokat
Tokat
Tokat
Tokat
Tokat
Yozgat
Yozgat
Yozgat
Yozgat
Yozgat
Yozgat
Yozgat
Yozgat
Yozgat
Yozgat
Yozgat
Yozgat
Yozgat

District
Amasya
Aydınca
Doğantepe
Gümüşhacıköy
Merzifon
Suluova
Taşova
Alaca
Boğazkale
Buyuklaçin
Çorum
İskilip
Kargı
Mecitözü
Ortakoy
Osmancık
Sungurlu
Uğurludağ
Aybastı
Fatsa
Gölköy
Korgan
Kumru
Mesudiye
Ordu
Topçam
Ulubey
Ünye
Bafra
Çarşamba
Havza
Kavak
Kolay
Ladik
Samsun
Taflan
Vezirköprü
Ayancık
Boyabat
Dikmen
Sinop
Turkeli
Almus
Artova
Bereketli
Boztepe
Doğanyurt
Erbaa
Niksar
Pazar
Reşadiye
Sulusaray
Tokat
Tokattopraksu
Turhal
Zile
Akdağmadeni
Boğazlıyan
Çandır
Eymir
Kadışehri
Osmanpaşa
Salmanlı
Sarıkaya
Sefaatli
Sorgun
Yenipazar
Yerköy
Yozgat

Latitude
35,83
36,05
35,62
35,22
35,33
35,65
36,33
34,83
34,62
34,88
34,95
34,47
34,48
35,30
35,25
34,80
34,38
34,45
37,38
37,52
37,62
37,33
37,27
37,78
37,90
37,78
37,77
37,28
35,92
36,73
35,67
36,03
35,80
35,90
36,30
36,13
35,45
34,58
34,77
35,27
35,17
34,33
36,90
36,30
37,28
35,88
36,72
36,57
36,95
36,28
37,33
36,08
36,57
36,57
36,08
35,75
35,88
35,25
35,52
35,20
35,78
34,97
34,25
35,38
34,75
35,18
35,08
34,47
34,80

Longitude
40,65
40,55
40,60
40,88
40,87
40,83
40,77
40,17
40,02
40,78
40,55
40,73
41,13
40,52
40,27
40,97
40,17
40,43
40,68
41,02
40,68
40,83
40,87
40,47
40,98
40,62
40,85
41,13
41,57
41,20
40,97
41,05
41,42
40,92
41,28
41,42
41,15
41,95
41,47
41,65
42,02
41,95
40,38
40,12
40,52
40,18
40,70
40,67
40,58
40,27
40,38
40,00
40,30
40,32
40,40
40,30
39,67
39,20
39,25
40,02
40,00
39,63
39,90
39,50
39,50
39,82
39,47
39,65
39,82

3540

SDS
57.73
51.00
49.53
21.73
42.80
52.13
59.87
53.73
51.07
36.33
38.73
49.93
49.80
43.20
60.40
45.93
55.93
65.67
0
0
0
0
0
54.13
0
13.40
0
0
18.13
0
17.47
19.33
7.87
30.87
22.27
17.80
14.40
0
21.73
8.07
20.07
22.60
49.80
61.00
49.20
38.13
33.13
49.73
51.47
64.13
62.13
65.47
61.93
60.93
58.27
59.13
54.33
74.40
80.40
56.87
56.67
67.13
63.27
59.93
55.60
58.40
65.67
59.53
54.67

WCS
214.13
220.80
209.87
208.80
215.73
180.00
200.53
304.80
231.47
179.73
264.80
228.00
172.00
211.47
210.40
219.20
224.00
200.27
188.00
117.87
210.93
163.47
148.80
273.33
123.47
192.27
150.93
113.07
134.40
124.53
304.53
160.00
129.60
228.27
124.80
131.47
189.60
141.33
187.73
139.73
117.87
118.67
198.67
313.33
324.27
268.80
167.47
217.33
196.27
216.80
193.60
237.60
247.73
300.27
261.87
237.07
241.07
316.27
256.53
225.07
245.60
273.60
209.07
254.13
227.20
294.13
279.20
224.00
252.27

IDM
19.01
28.36
20.63
25.03
20.32
17.73
21.04
19.88
23.68
25.25
21.92
21.94
15.69
20.42
18.71
16.01
20.47
19.41
50.63
48.54
60.31
49.59
42.00
30.77
43.10
35.38
54.00
48.37
33.95
44.27
29.31
29.69
31.66
34.77
28.23
33.65
24.94
42.60
22.51
27.57
27.84
35.74
26.08
28.43
34.74
25.49
33.10
20.23
23.58
22.01
19.90
23.61
19.78
20.73
19.47
20.98
34.11
18.77
22.02
22.20
23.36
19.49
17.32
22.46
17.86
23.58
23.89
16.33
32.14

Oİ
27.56
45.15
32.03
35.50
31.91
26.60
30.13
28.14
35.47
37.16
32.58
33.32
22.77
32.95
28.89
23.31
29.72
27.31
85.24
70.33
109.02
79.83
65.47
45.84
61.25
57.93
86.98
69.01
49.22
62.69
48.37
47.93
45.25
60.01
40.02
49.38
37.48
63.31
33.21
40.87
39.86
51.78
41.58
34.04
50.25
38.39
48.83
29.10
33.76
33.61
29.67
31.10
29.84
31.98
28.93
32.54
43.47
26.14
28.88
33.39
32.94
27.27
26.78
26.68
24.81
32.24
27.68
23.35
43.31

Cİ
19.3
18.1
19.6
19.1
18.1
18.2
18.9
19.5
19.9
19.7
19.1
22.4
20.4
18.6
19.2
20.6
21.1
21.9
13.8
13.8
12.9
14.3
13.8
16.7
14.5
14.2
13.7
14.1
14.9
14.3
16.9
16.1
15.0
15.0
14.4
15.2
18.6
14.2
19.2
15.1
14.1
14.2
16.6
18.2
17.9
19.4
17.3
18.0
17.0
19.7
17.6
19.0
18.5
18.5
19.5
19.5
18.1
19.8
19.7
18.3
19.5
20.0
21.1
21.4
18.8
20.5
21.4
21.3
19.4
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sult, it was concluded that Oi is not an appropriate method
for determining climatic conditions in the study area.
Ci values ranged from a high of 22.4 at İskilip/Çorum
to a low of 12.9 at Golkoy/Ordu. The majority of stations
in the area (n=62) exhibited Oceanic characteristics,7 exhibited Continental characteristics, and none exhibited Hyperoceanic characteristics. The very limited area with continental characteristics was attributed mainly to the effects
of the Black Sea. The temperature differences between inner regions and coastline are not sufficiently big to show
continental characteristics. However, still the presence of
temperature differences between the coast and the interior
regions caused to be shown Oceanic characteristics.
A summary of the errors obtained for all interpolated
indices and interpolation techniques (with various parameters) is presented in Table 2. IDW with different N and P
values yielded different results by index. Thus, the lowest
RMSE values were obtained with IDW and all Spline
methods at P=2, whereas WCS has the lowest RMSE value
at P=1. The effects of N value on RMSE varied by index
and were greater for IDW than for spline interpolation. In
general, N=8 and N=12 produced the lowest RMSE values.
Of all 7 interpolation methods tested, IDW, TPS and UK
had the highest RMSE values (i.e. the poorest predictive
capacity). For spline methods, RMSE values were significantly higher at N=4 than all other N values, which did not
vary significantly. A comparison of Spline methods
showed ST and CRS produced the best results, with the
maximum error values obtained with TPS.
Among the methods examined, OK had the lowest
RMSE values for all indices except IDM. Following OK, the
most successful results were obtained with ST and SK, with
RMSE values for IDM similar for OK (5.84) and SK (5.73).
In contrast, TPS, UK and IDW showed poor results. TPS
with N=4 had the highest RMSE values for all indices with
the exception of Ci, for which IDW has the highest RMSE.
Significant differences were observed between RMSE
values of the methods, although these varied by index. OK
had the lowest RMSE values for all indices except IDM. For
SDS, OK had the lowest RMSE (10.47), and TPS-4 had the
highest (14.35). SK and ST also yielded RMSE values similar to that of OK (10.68 and 10.7, respectively). For WCS,
OK had the lowest RMSE value (36.3) and TPS-4 had the
highest value (68.64). ST and CRS had RMSE values similar to those of OK. For IDM, SK had the lowest RMSE
value (5.73), and TPS-4 had the highest value (7.25). For
Oi, OK had the lowest RMSE value (9.56). For Ci, OK had
the lowest RMSE value (0.93). TPS-4 and IDW (P=1,
N=18) had the highest value.
In brief with the exception of IDM, OK is easily understood to be the most suitable interpolation method for all
bioclimatic indices in the study area and can be easily used
for producing spatial maps. This finding is similar to that
of Mesquita and Sousa [8].
Figures 2 shows the bioclimatic index maps produced
using the interpolation method with the best results (SK for
IDM and OK for all other maps).

TABLE 2 - RMSE values, by interpolation method (lowest RMSE
values are shown in bold)
Method

IDW

ST

TPS

CRS

OK
UK
SK

Parameter
1:4
1:8
1:12
1:15
1:18
2:4
2:8
2:12
2:15
2:18
4
8
12
15
18
4
8
12
15
18
4
8
12
15
18
-

SDS
12.03
12.13
12.82
13.17
13.61
12.04
11.96
12.12
12.31
12.46
11.25
10.70
10.82
10.77
10.76
14.35
11.28
11.46
11.37
11.36
11.30
10.76
10.88
10.84
10.84

WCS
38.59
37.87
39.64
39.63
40.46
40.74
39.17
39.46
39.51
39.63
38.26
37.04
38.16
37.98
38.11
68.64
52.73
51.75
50.67
50.84
38.28
37.05
38.16
37.98
38.11

10.47
13.92
10.68

36.3
40.78
38.12

IDM
6.47
6.32
6.33
6.43
6.61
6.32
6.20
6.12
6.16
6.22
6.02
5.76
5.77
5.74
5.76
7.25
6.40
6.42
6.42
6.42
6.02
5.75
5.77
5.74
5.76
5.84
6.59
5.73

Oİ
11.44
11.10
10.99
11.10
11.34
11.11
10.92
10.77
10.80
10.85
10.16
9.70
9.67
9.61
9.63
12.38
10.73
10.69
10.67
10.66
10.22
9.74
9.72
9.67
9.69

Cİ
1.04
1.18
1.23
1.28
1.29
0.98
1.05
1.07
1.09
1.09
0.96
0.94
0.94
0.94
0.94
1.21
1,00
0.98
0.98
0.97
0.98
0.97
0.98
0.97
0.97

9.56
11.45
9.82

0.93
1.14
0.96

SDS values ranged from 0 to 75.36. A belt of lower
values was observed parallel to the coastline, increasing
with a movement inland, especially in Ordu, Samsun, and
Sinop, whereas higher SDS values were obtained in the
southern regions of Çorum, Yozgat and Tokat. SDS values
for Amasya highlighted the transitional character of the region. SDS was calculated as a function of mean precipitation values for June, July and August. While average rainfall for these months was about 52.88 mm in coastal regions with lower SDS values, average rainfall decreased to
21.50 mm on interior regions, which resulted in higher
SDS values in the interior regions as well. Thus, in these
critical summer months, irrigation is mandatory for crop
production in the interior, where the risk of drought is
higher.
WCS distribution was similar to that of SDS. WCS
was calculated as a function of mean minimum temperatures for December, January and February. In line with the
differences in temperature, WCS values differed between
coastal and interior regions, with higher WCS values in the
interior, where temperatures were lower (-19.9°C), and
lower WCS values along the coast, where the climate is
more temperate (-10.4°C). In terms of province, Yozgat
had the highest WCS value (112.94), whereas the lowest
WCS value (281.96) was found along the coast in Ordu,
Sinop and Samsun provinces.
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FIGURE 2 - Spatial maps produced using the best fitted interpolation methods.
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Significant differences emerged in the region based on
IDM index. IDM values determined as a function of temperature and rainfall has led to the creation of different classes
in the region. Working area is an area with different geographical conditions. In terms of the IDM, elevation differences ranging from 2 m to 2990 m, impact of the coast line
caused to 5 different classes which ranging from semi-dry
to very humidity. Distribution of IDM showed a negative
correlation with SDS and WDS.
IDM values differed between coastal and interior regions, with lower IDM values in the interior, where SDS and
WDS values are high, and higher IDM values along the
coast, where SDS and WDS values are low. Overall, IDM
values increased gradually with movement towards the
coast and covered nearly the full range of IDM categories,
from semi-dry to very humid. This is in line with the spatial
distribution of precipitation, which increased gradually
from south to north. The majority of the study area (24301
ha) was classified as “Mediterranean”. An additional
11801 ha were also classified as “humid”, including the
majority of Samsun and eastern Yozgat; 8455 ha were classified as “semi-arid”, and 7357 ha were classified as “very
humid”, including Ordu and western Sinop.
Oivalues were found to be above 12 for the entire study
area, which was classified as “hyperhumid”. These findings conflicted with the values obtained for other indexes
and included, for example, areas classified as Mediterranean and semi-arid according to IDM values. An inverse
relationship between Oi and IDM values was also evident in
spatial maps. Given the observable conditions and available temperature and precipitation data for the region, the
Oivalues obtained were illogical.
The Cispatial map showed similarities with that of the
other indices. The vast majority of the region (58119 ha)
was classified as Oceanic, whereas western Çorum and
central Yozgat were classified as Continental (4100 ha).
In all methods, using the altitude as a secondary data
positively affected the results. In addition to the altitude, it
is seen that studies which consider secondary data such as
the distance to sea and land cover must be done.

Interpolation parameters were found to have a direct
effect on RMSE values. In particular, differences in N and
P values used with IDW and spline interpolation resulted
in significant differences in RMSE values. TPS, UK and
IDW yielded the worst results of all methods tested, with
TPS-4 showing the highest RMSE values for all indices,
with the exception of Ci, for which IDW has the highest
RMSE value. In general, the lowest RMSE values were obtained with OK. Based on these results, it may be recommended that additional studies conducted in areas similar
to that of this study area be implemented using OK.
Findings for SDS, WCS and IDM were in harmony;
however, the results obtained by Oi were incompatible with
those of the other indices and not in line with observable
conditions in the study area. Specifically, whereas SDS,
WCS and IDM indices registered a range of categories, Oi
classified the entire study area as “hyperhumid”, despite
observable dryness in the region. Thus, Oi may be considered an inappropriate method for identifying climatic conditions in the study area and in other areas with similartopographical conditions.
In conclusion, this study found a crucial north-south
direction spatial distribution of precipitation and air temperature that has a direct effect on the spatial distribution
of bioclimatic indices and that parallels the coastline in the
study area. Moreover, the use of interpolation in bioclimatic analysis was found to provide valuable information
that could be used in the ecological monitoring and environmental assessment of the region. Finally, it should be
noted that expansion of the available observation station
network may be expected to significantly contribute to the
quality of research conducted in the study area and in other
regions with similarly complex topography.
The authors have declared no conflict of interest.
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EFFECT OF DROUGHT ON ANTIOXIDANT ENZYMES
AND OXIDATIVE STRESS MARKER IN Hordeum vulgare
Fahad Al Qurainy, Mohamed Tarroum*, Salim Khan* and Mohammad Nadeem
Department of Botany and Microbiology, College of Science, King Saud University, Riyadh, Saudi Arabia.

ABSTRACT
The aim of the present study is to evaluate the effect of
drought stress on the antioxidant enzyme activities including catalase (CAT) and superoxide dismutase (SOD) in
Hordeum vulgare. Antioxidant marker proline and water
relative content (RWC) were also investigated. Pot experiments were performed in four treatments depending on the
irrigation period. Control plants were irrigated once every
two days whereas drought was induced by withholding water for 5 days, 9 days and 12 days. A total of 16 pots were
used with 4 pots for each treatment. The results showed
that water stress imposed by the different periods of irrigation induced a significant decrease on relative water content (RWC). The effect of water deficit by delaying the period of irrigation was strongly marked on high proline accumulation. The SOD and CAT activities were slightly increased in plants irrigated after 5 days, 9 days and 12 days
when compared to control.
KEYWORDS: Barley (Hordeum vulgare), proline, superoxide dismutase (SOD), catalase (CAT), relative water content (RWC).

1. INTRODUCTION
Cereals have an important place globally in agricultural
research programs. Barley (Hordeum vulgare) is one of the
most widely cultivated species around the world. Nevertheless like most of the crops barley is suffered by abiotic
stress especially drought stress, since it is one of the most
constraint for world agriculture and is projected to worsen
with anticipated climate change . Ceccarell and Grando [1]
reported that water deficit is an important abiotic stress
limiting yield and appears to be the most adopted to this
constraint. It was reported that barley compared to the other
species is the main cereal grown in stressed area because
of its conservative strategy [2]. Therefore, the availability
of water in plant causes changes in physiological and biochemical processes [3]. Indeed one of the most important
response or strategy of plants for adapting to abiotic stress
is to synthesize and accumulate different types of compat* Corresponding author

ible solutes or osmoregulator such as proline and different
types of antioxidant enzymes like superoxide dismutase
and catalase.
Many studies on osmoregulation indicated that free
amino acids plays a major role in this process. The increase
in amino acids was very significant in sorghum and sunflower under drought stress, and proline is one of the amino
acids, which is related to water and osmotic stress [4]. The
proline can be used as a criterion for tolerance in barley
under drought stress [5]. Proline is a major organic osmolytes that accumulate in a variety of plant species in response to environmental stresses such as drought [6].
In addition to the effect of water stress on proline content, many research showed the impact of drought on antioxidant enzymes such as superoxide dismutase and catalase. The activity of one or more of these antioxidant enzymes is generally increased in plants exposed to stressful
conditions, and this notable activity correlates with the increase in stress tolerance [7]. Catalase functions as a cellular sink for H2O2 and it is indispensable for stress defense
in C3 plants [8]. High SOD activity was associated with a
rapid recovery of photosynthesis in sugarcane plants subjected to water deficit and low substrate temperature [9].
Hence, the adaptive strategy against the reactive oxygen
species (ROS) caused by abiotic stress requires the intervention of many antioxidant enzymes such as superoxide
dismutase and catalase [10]. Therefore, this research was
an attempt to investigate the effect of drought stress on relative water content, proline level and to estimate the
changes in the level of antioxidant enzymes such as superoxide dismutase and catalase.
2. MATERIALS AND METHODS
The seeds of barley (Sahrawi) were procured from the
local market in Riyadh, Saudi Arabia. Drought induced by
withholding water was investigated on activities of catalase
and superoxide dismutase. Proline and RWC level were
also measured. The experiment was set up in a controlled
environment (greenhouse) at College of Science King Saud
University, Riyadh. Before sowing, the pots were filled
with soil and irrigated with water to determine their field
capacity. Five seeds were sown in each pot and after germination only one seedling was selected. The seedlings
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were irrigated with distilled water one time and with Hoagland nutrient solution [11] for the second time. At the
stage of three leaves drought stress by delaying irrigation
was applied, where the pots of experiment were distributed
in four lots with four replications for each lot. First lot was
considered as a control and the plants of this lot were watered once every two days. The other three lots were irrigated after 5 days, 9 days and 12 days, respectively. Plants
were harvested on stage of spike formation after 55 days.
Plants were washed with distilled water and separated into
shoots and roots. Data for the following parameters were
recorded.
2.1 Relative water content estimation

The effect of drought stress in leaves was estimated on
the basis of relative water content according to Barrs and
Weatherley [12]. RWC was calculated by the following
formula:
RWC=(FW-DW)/FT-DW)*100, where FW is fresh
leaf weight, FT is full turgor leaf weight and DW is dry leaf
weight.
2.2 Proline content

Proline was estimated by the method of Hanson [13].
0.5g of fresh leaf was homogenized in 10 ml of 35% aqueous sulfosalicylic acid (HiMedia, India). The homogenate
was centrifuged at 10,000 rpm for 10 min at 4 ºC. Two ml
of supernatant was taken in test tube and 2 ml each of ninhydrin and glacial acetic acid were added. The tube was
heated in water bath at 100ºC for 1 h. After boiling, the
reaction was terminated by keeping the test tubes in ice
bath for 5 min. Six ml of toluene was added to each tube
and mixed vigorously and two phases were formed. The
upper phase was recovered by centrifuging and absorbance
was read at 520 nm using UV-1800 spectrophotometer
(Shimadzu, Japan) using toluene as a blank.
2.3 Enzymes extraction

The enzyme extraction was done according to the protocol followed by Jogeswar [14]. 0.1g of fresh leaf samples was
homogenized in liquid nitrogen and dissolved in 100 mM sodium phosphate buffer (0.31g of NaH2PO4.H2O +1.09g of
Na2HPO4 for 100 ml)) (pH 7.4) containing 0.1 mM EDTA,
1% (w/v) PVP and 0.5 % (v/v) Triton-X 100. The homogenate was centrifuged at 14,000 rpm for 20 min at 4 °C.
The supernatant was collected for measurement of specific
activities of the following antioxidant enzymes.

One unit of SOD is described as the amount of enzyme
required, causing 50% inhibition of pyrogallol auto-oxidation , Enzyme unit can be calculated by using the following
equations:
Rate(R) = (final OD-initial OD)/3 min,
% of inhibition = {(blank OD-R) /blank OD} x 100 ,
Enzyme unit (U) = (% of inhibition/50) x common dilution
factor. [50% inhibition = 1 U]
2.5 Analysis of catalase activity

Catalase activity was evaluated from the rate of H2O2
decomposition measured by the decrease of absorbance at
240nm following the method reported by Claibrone [16].
The reaction mixture consisted of 1 ml of 0.059 M H2O2 in
0.1 M sodium phosphate buffer (pH 7.4), 1.9 ml of distilled
water and enzyme extract. Catalase activity was expressed
as units/mg protein.
2.6 Statistical analysis

The data observed in all experiments were statistically
analyzed by using IBM SPSS STATISTICS 19. The data
shown are the averages of four replicates and statistically
significant at the p<0.05 level.

3. RESULTS AND DISCUSSION
3.1 Relative Water Content

Generally, water stress start when soil moisture falls
below its field capacity and increase gradually as the moisture decreases to reach its maximum at permanent wilting
point, beyond which the plant cannot survive Shaxson and
barber [17]. To evaluate the effect of drought by delaying
irrigation on water content, we measured the RWC in
leaves of barley. The results shown in Figure 1 shows
RWC declined and is proportional to the duration of irrigation. As compared to control, RWC of leaves in plant irrigated after 5 days, 9 days and 12 days declined by 8.2%,
21.5% and 38.9%, respectively.
These results coincided with the findings of several
researchers who reported that drought stress caused an ob-

2.4 Analysis of SOD activity

The activity of SOD was assayed as the modified
method described by Marklund and Marklund [15]. The reaction mixture contained 1 ml of 0.25 mM pyrogallol, 1.9 ml
of 0.1M Sodium phosphate buffer (pH 7.4) and 100µl of enzyme extract. The rate of pyrogallol auto-oxidation was
measured spectrophotometrically from the increase in absorbance at 420 nm. SOD activity is expressed as units/mg
protein.

FIGURE 1 - Effect of drought on relative water content (RWC) of
barley (Hordeum vulgare)
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served reduction of relative water content in many plants
such as, Amaranthus hypochondriacus and Amaranthus
hybridus [18, 19], tobacco [20]. According to Thameur [21]
a decline of soil moisture, caused a decrease of the relative
water content in two local barley strain. Ghobadi [22] reported that drought stress significantly decreased the leaf
RWC in sunflower plant.
3.2 Proline content

Plants of Hordeum vulgare were subjected to drought
stress which showed a significant increase of proline content in stressed plant compared to control. The plant irrigated once each 5 days, 9 days and 12 days, proline was
3.5, 7.1 and 9.5 times higher than the control plants, respectively (Figure 2). This result was confirmed by Duncun’s
test, it divided the lots into A group which contains control
plants, and B group contains stressed plants. In addition, a
close relationship (r2 =0.96) was found between proline
concentration and relative water content (Figure 3).

FIGURE 2 - Effect of drought on proline content of Barley (Hordeum
vulgare)

FIGURE 3 - Relation between proline concentration and relative water content (RWC) in Barley (Hordeum vulgare)

Our result is in agreement with the studies conducted
by Bandurska [23] who reported that proline was accumulated in barley leaves under drought stress by water withholding. The proline was increased in sunflower Helianthus annuus with increasing drought stress [22]. Several

authors studied the influence of drought on different species and they found that proline was accumulated under
water stress [24-25-26]. The proline accumulation is one of
the adaptive strategies frequently observed in plants to mitigate the effects of water stress because it acts as an osmoregulator [27].
In contrast, working on compatible solute accumulated
under salt stress Chen et al. [28] found that hyperaccumulation of known major compatible solute (proline) does not
appear to play a major role in salt tolerance. Similar observations were made by others who found that proline content is not correlated with salt tolerance in barley (Hordeum
vulgare) [29].
3.3 Antioxidant enzyme activities

Stressful condition by withholding water caused no
significant changes in SOD activity in barley plant tissues.
In fact, SOD activity increased slightly with water deficit
by delaying irrigation and the highest amount of SOD activity by 1.691 U/mg protein was obtained in plants irrigated once each 12 days (Figure 4).

FIGURE 4- Effect of drought on superoxide dismutase (SOD) activity
of barley (Hordeum vulgare)

Independently of the level of stress produced by delaying irrigation, plants present an increase of catalase activity.
Compared to their corresponding control, increase of catalase activity was 2.6%, 12% and 31% in plants stressed for
5 days, 9 days and 12 days, respectively (Figure 5). Comparing between the activities of catalase and superoxide dismutase, we can suggest that catalase was the predominant
form of enzymatic antioxidant defense for barley under
drought stress. Our results are consistent with other studies
reporting the increased of SOD and catalase activities in response to drought stress. The effects of soil water shortages
in barley observed that the activities of antioxidant enzymes
which include CAT, POX and SOD were significantly high
in the water-stressed treatments [30]. Fecht-Christoffers et
al. [31] reported that if plant is exposed to stressful conditions, its antioxidant system plays a major protective role by
increasing antioxidative enzymatic activity such as catalase
and SOD. An increase of catalase activity was recorded in
two barley genotypes (Aramir and line R 567) under water
deficit caused by immersing their root systems in polyethylene glycol solution [32]. Similar results for catalase were
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reported by Mafakheri et al. [33] who reported an increase
of catalase activity in three cultivars of chickpea under
drought stress and concluded that antioxidants act as a major
defense against free radical mediated toxicity.

[8]

Willekens, H., Chamnongpol, S., Davey,M., Schraudne, M.,
Langebartels, C., Montagu M.V., Inze, D. and Camp, W. V.
(1997). Catalase is a sink for H2O2 and is indispensable for
stress defence in C3 plants. EMBO Journal. 16,4806–4816.

[9]

Sales, C.R.G., Ribeiro, R.V., Silveira, J.A.G., Machado, E.C.,
Martins, M.O., Lago, A.A. (2013). Superoxide dismutase and
ascorbate peroxidase improve the recovery of photosynthesis
in sugarcane plants subjected to water deficit and low substrate
temperature. Plant Physiol and Biochem, 73, 326-336.

[10] Niedzwiedz-Siegien, I., Bogatek-Leszczynska, R., Comea, D.
and Corbineau, F. (2004). Effects of drying rate on dehydration sensitivity of excised wheat seedling shoots as related to
sucrose metabolism and antioxidant enzyme activities. Plant
Sci, 168- 879-888.
[11] Hoagland and Arnon. (1950). The water-culture method for
growing plants without soil. Berkeley, Calif. : University of California, College of Agriculture, Agricultural Experiment Station.
[12] Barrs, C., Weatherley, P.E. (1968). A re-examination of the
relative turgidity technique for estimating water deficit in
leaves. Aust. J. Biol. Sci, 15, 413-428.
FIGURE 5 - Effect of drought on catalase (CAT) activity of barley
(Hordeum vulgare)

In summary, deficit water resistant depends on the
ability of the plant to develop strategies under drought conditions. Among these strategies proline, catalase and superoxide dismutase may be mentioned. Our results demonstrate a noticeable activation of two antioxidant enzymes
and marked accumulation of proline under water stress.
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WITH DIFFERENT SOIL CONDITIONERS
Ramazan Meral*
Bingol University, Agricultural Faculty, Department of Biosystem Engineering, Bingöl, Turkey

ABSTRACT

1. INTRODUCTION

The successful management of water and soil conservation generally depends on the improvement of infiltration rate, aggregate stability and water-holding capacity of
soil. This issue has gained importance among the environmental and agricultural researchers, and different studies
have been conducted on a variety of natural and synthetic
soil conditioners. This study provides highlights about improving soil properties for more effective water management with soil containers. Secondly, the objective of this
study was to determine the effects of polyacrylamide
(PAM), straw mulch (SM), and paper pellet (PP) on infiltration rate (IR), aggregate stability (AS) and water-holding capacity (WHC) of soil. Treatments were the application of PAM with irrigation water (10 mg.L-1), SM (1.25
and 2.5 kg.m-2), and waste PP (1.25 and 2.5 kg.m-2) mulching. The study results indicated that each treatment had particular effects on IR. PAM application had little effect on infiltration, and it was more effective on AS, when compared
to other conditioners. SM and PP applications increased AS
depending on the increase of organic matter content in the
soil. PAM application at given concentrations had no significant effects on water-holding capacity. However, it can
be inferred that other mulching applications had positive
effects on field capacity and, thereby, on available water
content depending on the mulching rate. It is well-known
that the effect of PAM is observed especially during irrigation, and this is not permanent for soil amendment but has
an instant effect for many conditions. However, using SM
and PP is more appropriate, because of their low costs,
more persistent effects, and opportunity to re-use residues.

KEYWORDS:
Soil conditioner, field capacity, polyacrylamide, mulching

* Corresponding author

The protection and improvement of soil resources have
crucial importance with increasing food demand, unplanned
using these sources, and the other environmental threats. For
this aim, studies on improving soil properties, such as infiltration rate (IR), aggregate stability (AS), and water-holding
capacity (WHC), have gained importance among environmental and agricultural researchers. Recently, a number of
studies have been conducted on this subject, and various natural and synthetic soil conditioners have been used for this
aim. Many researchers reported that weak structure soils
were reclaimed, and aggregation was improved by applying
little amounts of synthetic water-soluble polymers, which
were added to irrigation water. As a result, water movement
and aeration increased significantly [1].
Infiltration rate (IR) is a critical parameter for designing and the efficiency of irrigation systems, and it depends
on the water depth, intensity or duration of the rainfall, surface slope, texture, structure and aggregate properties of
the soil. Favorable soil structure and high AS are important
for reducing erodibility, improving soil fertility, porosity,
infiltration and agronomic productivity [2]. ‘AS’ is commonly used as an indicator of soil structure and erodibility
[3]. Aggregation consists of flocculation and cementation
of soil particles [4]. Soil aggregation has a complex dynamic and relations with many soil properties, such as texture, organic matter content, water-holding capacity, microbial activities, exchangeable ions, and the other soil
management factors [5]. It is known that physical properties of soil, such as good soil structure, stable aggregation,
high water retention capacity and good aeration are mostly
related to organic matter content of the soil. The soil organic matter leads to improvement in amount, size and stability of aggregates, and available water-holding capacity,
infiltration and percolation [6].
Despite the many materials that could be used as soil
conditioners, the wide application of these materials has
been limited for weak soils because of economic limitations. Technological advances and the use of new chemicals in small and cost-effective concentrations have encouraged the use of soil conditioners [7, 8].
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Polyacrylamide (PAM) used in irrigation practices improves IR, AS and reduces erosion. This increases the quality of tail water in irrigation applications, hence, decreasing
the concentrations of nitrogen, phosphorus, and pesticides in
water. Zhang and Miller [9] investigated the effect of PAM
application on infiltration and erosion in furrow irrigation.
The results showed that 15 and 30 kg.ha-1 PAM application
produced similar results and infiltration increased by approximately 50%, whereas sediment transport was decreased by 79%. Lentz et al. [10] stated that furrow irrigation methods have advantages, such as being commonly
used, low cost and energy requirements, whereas more runoff, erosion, and deep percolation are some of its disadvantages. In the case of PAM application; sediment transport,
total phosphorus movement, and chemical oxygen demand
decreased in significant levels. Francisco and Ricard [11]
investigated two different applications: one for continuous 1 mg.L-1 PAM application during irrigation, and the
other one for 10 mg.L-1 PAM application at the advanced
period. The continuous application was found to be more effective than other applications. Trankel et al. [12] studied
the effects of PAM application and mulching on sediment
transport and infiltration in silty loam soil. The results indicated reduced sediment transport in both applications
while no effect of PAM application was observed on infiltration, mulching and mulching + PAM application-increased infiltration. Sojka and Entry [13] observed that
PAM application reduced total bacterial and microbial
movement, when compared to control treatments. The effects of PAM on soil erosion and runoff reduction were observed especially during irrigation with PAM application,
but insignificant effects were observed in the subsequent
applications without PAM by many researcher [11, 14].
The application of sodium polyacrylate to increase soil
water retention and growth of wheat under water deficit
conditions was evaluated by Geesing and Schmidhalter
[15]. Water-holding capacity of the soil was considerably
increased with the polymer application, at a rate of 3 t.ha-1
for the first 30 cm depth of soil.
Rajor et al. [16] reported that a sawdust-derived soil
conditioner can improve plant growth and water-holding
capacity at different soil types. Sawdust, a bulky waste produced by wood processing industries, has economical advantages and it is eco-friendly to use as a soil conditioner.
Using plant residues with a layer is an effective method
for the conservation of soil and water, as it increases infiltration of water and soil moisture storage, reduces surface
runoff and soil erosion. Ghuman and Sur [17] found that
the application of 3.0 t.ha-1 plant residue increased the initial infiltration rate by 8% and the final one by 5%. Jalota
et al. [18] reported that straw mulching (SM) significantly
increased the total infiltration at the end of a 6-h infiltration
test. They explained this case as the increase of water-resistant aggregates, as a result of decomposition of the plant
residues. Allmaras et al. [19] explained this effect with good
soil surface conditions for water to enter into the soil. Flinn
and Wough [20] discovered that the addition of 170 t.ha-1

sunflower waste into soil significantly increased infiltration capacity, but it had no significant effect on water-resistant aggregates. Gill and Jalota [21] mixed straw with
soil at 2 and 5 cm depths and concluded that mixing straw
with soil at 2 cm depth produced better results with respect
to evaporation.
SM is used as a soil conditioner to increase WHC. The
effect of organic matter content on soil WHC can be explained in two ways. The direct effect is due to the very
high WHC of organic matter, and the indirect effect is its
influence on soil texture and total pore space [18]. Ji and
Unger [22] reported that crop residues at the soil surface
serve as a vapor barrier against evaporation losses from the
soil and has indirect effect on WHC. Suziki et al. [23] used
different natural soil conditioners and reported that the increase in water content capacity was significantly higher under termite mound mulching (0.21 m3.m-3) and bentonite
(0.19 m3.m-3) applications, when compared to the control.
However, soil aggregate stability observation was poor for
termite mound, when compared to the bentonite treatment.
They explained that this will have benefits, when using rainfall for periodic drought stress, thereby reducing the risk associated with low water-holding capacity of soils.
Kırkık [24] has observed the positive effects of zeolite
on the physical and chemical properties of soil, such as the
efficiency and availability of K, Ca, Na and Mg contents,
ability of supplying N, high water-holding capacity and
cation exchange capacity. Tunçez [25] has used sugar industry sludge and pumice as soil conditioners, and improvements were found in water holding capacity, organic
matter content, N, K, and P contents of soil.
Although there are many materials that can be used as
soil conditioners, the widespread application of these materials on agricultural soil has been limited, primarily because of their relatively high costs and availability in nature. Therefore, an economical synthetic soil conditioner,
polyacrylamide (PAM), and easily available, local, and
natural materials (straw mulches (SM) and paper pellets
(PP)) were chosen in this study. Their effects on soil infiltration, AS, and WHC, hence, the re-usage probabilities of
these wastes were investigated.

2. MATERIALS AND METHODS
Field experiments were conducted in two types of soil
conditions, high clay content and low IR (soil-1), to investigate the effects of applications on infiltration, and in a relatively coarser-textured soil (soil-2) to investigate AS and
WHC in Kahramanmaras plain, in the Mediterranean region of Turkey at 37o 35' N, 35o 56' W coordinates and an
altitude of 520 m. Some physical and chemical properties
of the studied soils are tabulated in Table 1.
Treatments were a) the application of 10 mg.L-1 PAM
(charge density of 20%, molecular weight of 14-18 million
mg.mol-1) with irrigation water, b) 1.25 and 2.5 kg.m-2 SM
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TABLE 1 - Some physical and chemical properties of soils in the study area.
Soil type

Texture (%)
Clay
Silt

Sand

FC*
PV (%)

PWP
PV (%)

BD
(g.cm-3)

EC
(ds.m-1)

pH

Soil-1
51.5
38.8
1.23
1.445
7.67
38.0
14.3
47.7
Soil-2
23.8
18.1
1.39
0.513
7.97
11.2
10.9
77.9
*FC: Field capacity, PWP: Permanent wilting point, BD: Bulk density EC: Electrical conductivity, OMC: Organic matter content.

(SM1 and SM2), and c) 1.25 and 2.5 kg.m-2 waste PP remains from wheat straw-based paper production (PP1 and
PP2). After soil tillage, SM and PP were uniformly distributed on the soil surface. After the second tillage, soil conditioners were mixed with soil up to the 30 cm depth.
A Double-ring infiltro-meter was used in the determination of initial and final IRs by following the procedures
of Walker and Skogerboe [26]. The initial IR was taken for
the first 5 min during an infiltration test, and to obtain final
IR (basic infiltration), the test went on until steady state
flow conditions appeared. AS analysis was made by following the procedures of Tuzuner [27]. One year after the
preparation of experimental plots, soil samples were taken
from 0-30 cm; they were air-dried and then sieved in 2 mm
and 1 mm sieves, respectively. Ten g of soil on the surface
of a 1 mm sieve was taken, and then oven-dried (W1). In
addition, a sample was sieved in water with a 0.25 mm
sieve for 5 min. The dry weight (W2) and sand content (W3)
of soil on the surface of the sieve (0.25 mm) were determined. AS is calculated as follows:

AS % 

W2  W3  x 100
W1  W3 

Organic matter content (OMC) was determined with the
modified Walkley-Black method [28]. Soil WHC characteristics, field capacity (FC), and permanent wilting point
(PWP) were determined by using soil samples on a tension
table (33 kPa) and pressure plates (1500 kPa), respectively
[29]. Available water content (AWC) was calculated as the
difference between FC and PWP and presented as a volumetric basis. Soil bulk density (BD) was measured with undisturbed cores (100 cm3). All treatment results were statistically compared by using multiple Duncan’s t-tests.
3. RESULTS AND DISCUSSION
3.1 Infiltration

Statistical analysis (multiple Duncan’s t-tests) was conducted by considering the initial and final infiltration values
of each application, and the results are presented in Table 2.
The effects of treatments on infiltration were displayed
particularly in the initial IRs. The PP2 treatment increased
infiltration at the highest rate, whereas in SM2 application
with higher soil conditioners, similar effects were not observed. However, SM2 treatment was more effective than
the control treatment, especially on initial IR. However the
high dosage used in SM2 treatment did not significantly af-

OMC
(%)
1.86
1.16

fect the final IR by comparison of SM1. In general, the effects of applications on final IR were limited. This may be
due to the fact that subsoil with no soil conditioner limits
final IR. However, PP2 treatment had positive effects on final IR, and this may be because of more water flow through
soil with the soil conditioners.
TABLE 2 - Initial and final infiltration rates for different treatments
on Soil-1.
Final IR
Initial IR
mm.h-1
mm.h-1
Control
93.3 d*
28.6 b
PAM
118.0 b
28.7 b
SM1
96.0 d
30.7 ab
SM2
104.0 c
30.0 ab
PP1
116.0 b
31.3 ab
PP2
137.3 a
32.0 a
*
Means following the same letter in column do not differ significantly at
P ≤0.05 probability level
Treatment

In a study conducted by Wuest et al. [30], 22.4 Mg.ha-1
of fresh manure and 2.24 Mg.ha-1 of pea vines, increased
ponded IR by three to four times. The researchers concluded
that this was the result of the rapid effects of these applications on macro-pores. A similar case may be considered as
valid for PP used in this study. On the other hand, Pikuland
Allmaras [31] reported that preferential flow played a significant role on the wide range of initial IRs in tilled soils.
Therefore, it is appropriate to evaluate the effects of the
applications on infiltration by considering final IR. However, during irrigation applications, initial IR had significant effects on infiltration.
In several studies on PAM applications, it was reported
that PAM applications significantly increased IRs [9, 12,
32]. However, in this study, even though PAM applications
had positive effects on IR, the effects were statistically not
significant on the final IR. Ajwa and Trout [33] reported
that PAM application decreased IR as a result of rapid aggregation, particularly in sandy-loam soils. The other reason for this effect is that PAM increases the viscosity of
irrigation water but decreases the movement of PAM-applied water [12]. However, the opposite is true for heavytextured soils, in which a high level of runoff is observed.
In this case, as the viscosity of water increases, runoff decreases and infiltration increases. Another important point
herein is that the effect of PAM application on IR depends
on the selected irrigation method.
3.2 Aggregate stability

The results of AS, OMC, and multiple Duncan’s t-tests
are presented in Table 3.
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TABLE 3 - Aggregate stability and organic matter content for Soil-2.
Treatment

AS
(%)

OMC
(%)

Control
2.81 d*
1.1 d
PAM
9.95 a
1.0 d
SM1
3.92 c
2.1 c
SM2
5.70 bc
2.7 b
PP1
5.44 bc
3.2 ab
PP2
7.01 bc
3.6 a
*
Means following the same letter in column do not differ significantly at
P ≤0.05 probability level

The highest increase in AS was observed in PAM application (Table 3). Busscher et al. [34] reported that the
addition of PAM to the soil increased penetration resistance and decreased BD. The increase in the strength
was an indication of better aggregation. Lentz et al. [11]
reported that PAM adsorbed onto the soil surface and increased soil cohesion and AS. Furthermore, PAM flocculates suspended soil particles in the flow, producing larger
aggregates that tend to settle out of the flow. In other applications, in general, AS clearly increases depending on
OMC. Similar results were reported by Chaney and Swift
[35] and Bartoli et al. [36]. The results of similar studies
showed that long-term straw application promoted the formation of soil macro-aggregates and increased aggregate
stability [37]. Compared to SM, PP application was more
effective on OMC and AS. This may be because of the
rapid decomposition of PP in soil. Unger [38] used PP as
the surface mulch and found that PP applications do not
have any significant effect on water-holding, and similar
evaporation from bare and mulched soils was observed due
to the absorption of water by PP. An increase of aggregate
diameters and lower percentage of small aggregates with
PP application could improve soil aggregate stability for
the long-term period.

3.3 Water-holding capacity

The results of FC, WP, and AWC are presented in Fig. 1.
AWC values were determined for 1 m soil depth and treatments were compared with results of Duncan’s t-tests (Table 4).
TABLE 4 - Soil available water content and bulk density results for
Soil-2.
BD
AWC
gr.cm-3
(mm.m-1)
Control
83.3 c
1.393 a
PAM
93.4 bc
1.497 a
SM1
106.1 ab
1.424 a
SM2
125.5 a
1.496 a
PP1
107.9 ab
1.419 a
PP2
110.4 ab
1.363 a
*
Means following the same letter in column do not differ significantly at
P ≤0.05 probability level
Treatment

Significant effects of treatments on soil volumetric
moisture content were observed at low suction (FC). Applications increased moisture content at FC in different levels. These increases were the most in SM2, PP2, PP1, and
SM1 treatments. It can be concluded that SM2 treatment
increased FC, possibly due to the fact that SM used in SM2
treatment increased soil porosity more than soil moisture
content [39].
PAM application had no significant effect on FC and
AWC. A relative increase was observed in AWC as a result
of the increment in BD parallel to PAM application and
improvement in porosity. Previous studies indicated that
PAM dosage of 10 mg.L-1 was suitable for infiltration improvement and erosion control, as shown in this study.
Since an increase of this dosage will lead to an increase in
the moisture content of PAM, positive results for AWC can
be expected.

FIGURE 1 - Field capacity and permanent wilting point for each treatment for Soil-2.
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In general, there was no significant change in PWP values. The treatments had similar results under high pressures
(1500 kPa). Mulumba and Lal [40] found that wheat SM application rates of 0.2-16 mg.ha-1 had no effect on PWP.
AWC was also influenced by mulching as it is significantly lower in control treatments, in comparison to mulched
treatments. The application of mulching, even at low rates,
can have a significant impact on AWC. Mahboubi et al. [41]
reported that high AWC was usually associated with the
high application of crop residues and mulches. Similar observations were made by Duiker and Lal [42].
The applications had no significant effect on BD. Normally, a decrease in BD is expected with an increase in
mulching material, but contradictory results were obtained
in different studies. While some researchers observed reduced BD under mulches [43], others found increased BD
[44]. Yet, the others observed no mulch effect on BD [42,
45]. This may be due to the fact that pore structure can be
influenced by the amount and properties of mulching materials and soil type.

The fact that wheat SM and PP effects have been observed within a one-year study period is a proof that their
future effects may be even more consistent. As parallel to
OMC, an increase in micro- and macro-pores causes an increase in water-resistant AS and a decrease in dispersion
[46]. This can be seen as an advantage of PAM as it is especially effective in only the irrigation application that is
used with it [32]. It has limited effects on infiltration in
ponding irrigation conditions. Due to the persistent effects
of wheat SM and PP, with their low costs and reusability
of wastes, the use of wheat SM and PP can be suggested in
order to improve IR or increase AS in erodible lands. PAM
application at the defined dosages had no significant effect
on WHC. However, the other mulching applications improved FC, thereby AWC depend on mulching rate. In addition to the application of irrigation planning criteria,
mulching will lead to increased soil WHC and, thereby, the
efficient use of available water. Besides, mulching will reduce not only labour and costs but also soil and water
losses that occur in each irrigation application by decreasing the number of irrigation at certain time intervals.
The author has declared no conflict of interest.
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ABSTRACT
Moisture deficit stress reduce lint yield by affecting
yield and basic within-boll yield components. Field experiments were conducted in the Aegean region of Turkey
during 2008 and 2009 to observe the responses of three cotton cultivars differing in maturity and seed size to deficit
water stress under different plant densities. Deficit irrigation inversely affected boll distribution, yield components
and within-boll yield components. It is interesting to note
that yield components in this investigation differed greatly
between M-2005 (late-maturing and large-seeded cultivar),
and Carmen (late-maturing and smaller-seeded cultivar)
and Flash (early-maturing and smaller-seeded). Non-significant irrigation x plant density for all investigated characters except for boll distribution showed that the response
of cotton plant to water stress was determined by cotton
genotype. Deficit irrigation inversely affected yield components and within-boll yield components. Deficit water
stress decreased boll number located upper and distal positions; total seed surface area per m2, and seed number per
m2 for M-2005 more than Carmen and Flash. These results
suggest late-maturing and also small-seeded cultivar would
be preferable under deficit irrigation, and that cultivars
with small seed are able to produce higher lint yield thorough the production of more bolls, seeds, and total seed
surface area m-2 than large-seeded cultivars.

marily due to the reduction in number of bolls and boll
weight [2,3]. Water deficit reduced the lint yield 25 %, primarily because of a 19 % reduction in number of bolls [2].
Feng et al. [4] reported that individual seed surface area
and seed mass increased as irrigation increased and plant
density decreased, fiber number per unit seed surface area
was not affected by plant density or irrigation. They indicated that irrigation rate and plant density effects on cotton
yield components occurred at the plant, within the boll, and
even the locule levels. Pettigrew [2] reported that lint yield
reduction in cotton caused by water stress is primarily due
to a reduction in the number of bolls produced at higher
plant nodes and distal positions on sympodial branches.
Yield components and boll distribution also are affected by
plant density. Previous studies showed that optimal plant
population for high yield depends on location, environment, cultivar, and grower preference [5, 6]. Another factor
affecting cotton cultivar response to water deficit is seed
size. Culp and Harrell [7] suggested cultivars with medium
to small bolls might adjust more rapidly to adverse environmental conditions. Since smaller-seeded cultivars produce smaller but more bolls per unit land area, each boll
would require not only less energy but aborted of a boll
wasted less energy, and small boll would require less energy to replace previously aborted bolls [8]. Therefore, the
objectives of this research were to assess the effect of water
stress on boll distribution and within boll yield components
for a diverse maturity and seed size group of cotton genotypes under different plant densities.

KEYWORDS: Cotton, deficit water stress, plant density, within-boll
yield components.

2. MATERIAL AND METHODS
1. INTRODUCTION
Cotton yield is dependent upon the production and the
retention of bolls, and both can be decreased by water stress
[1]. Under water stress, decrease in seed cotton yield is pri* Corresponding author

Field experiments were conducted at the Adnan Menderes University, Agriculture Faculty Experimental Fields
Aydin-Turkey (37° 51' N latitude, 27° 51' E longitude) from
2008 to 2009. Upland cotton cultivars used for experiments
are Carmen, (late-maturing and small seeded), Menderes2005 (late-maturing and large-seeded) and Flash (early-maturing and small-seeded). Cotton (Carmen, Menderes-2005,
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and Flash) was seeded on 7 May 2008 and 13 May 2009,
and approximately three week after planting hand thinned
to in-row plant spacing of 23 cm for 6.2 plants/m2, 18 cm
for 7.9 plants/m2, 13 cm for 10.9 plants/m2 and 8 cm for
17.8 plants/m2 in each row, respectively. A split–split plot
design with four replications was used for the study. The
main plot was irrigation treatments (I: full irrigated and WS:
water stressed = deficit irrigated), which were split to three
cotton cultivars (Carmen, Menderes-2005, and Flash),
which were split to plant densities. Each sub–subplot contained four rows of cotton, 12 m long with an inter-row spacing of 0.70 m. A compound fertilizer (15 % N, 15 % K 15 %
P composite) was applied at a rate of 60 kg ha-1 pure N, P
and K at planting. The required remaining portion of nitrogen was followed by 82 kg ha-1 as ammonium nitrate 33 %
before first irrigation. In the study, two irrigation treatments (full irrigated and water stressed) were evaluated in
trials. The irrigation treatments were based on replenishment of soil water depletion. The control treatment (full irrigation) was designated to receive 100 % and water stress
applied plots received 50 % replenishment of soil water depletion. In 2008, the irrigated plots (the control = full irrigation) received four furrow irrigations for a total 412 mm.
Three furrow irrigations totaling 309 mm were applied to
the irrigated plots (the control = full irrigation) in 2009. In
water stress treatment irrigation was applied at the rates of
50 % of control treatment (full irrigation) on the same day
for both years. Soil water level was monitored by using the
gravimetric method in the plots. The amount of soil mois-

ture in 1.2 m depth was used to initiate irrigation. Boll distribution was determined only on the main stem fruiting
branches, as described in [9]. The boll number and weight
at main axis were divided into three level, FB1-3, FB4-6, and
FB≥7 (i.e. FB1-3 is the number of bolls produced by the first
to the third fruiting (sympodial) branches). Within-boll
yield components were calculated by the ontogenetic yield
model of Worley et al. [9]. The SAS GLM procedure [10]
was used to fit the linear model including main effects and
all two- and three-way interactions and the test option in
GLM procedure was utilized to indicate correct error terms
in the analyses. After significant effects were identified, differences between least square means were considered significant at 0.05 based on Least Significant Difference (LSD).
3. RESULTS AND DISCUSSIONS
Increased plant density resulted in greater first position
boll numbers per unit ground area since the additional plant
numbers in the higher populations resulted in more first position bolls (Table 1). The reduction in boll number m-2
from first position at fruiting branches in the lower population densities was compensated by bolls produced on second and third positions and monopodial branches. As plant
population increased, second, third and monopodial bolls
per area decreased regardless of cultivars and irrigation
treatments. Siebert et al. [5] and Stephenson et al. [12] reported similar results.

TABLE 1 - Number of first position and, second, third and monopodial bolls per square meter in different plant density and irrigation level
studies in 2008 and 2009.
First position bolls
Second, third & monopodial bolls
2008
2009
2008
2009
Cultivars
Density
I
WS
I
WS
I
WS
I
Plant m-2
bolls m2
bolls m2
Carmen
6.2
42.85
41.92
58.69
46.42
61.02
57.91
64.85
Late-maturing
7.9
57.74
52.97
64.09
58.13
68.03
67.86
40.87
Small-seeded
10.9
66.48
64.01
90.38
61.53
37.08
33.24
32.69
17.8
91.51
91.07
103.12
95.98
24.55
29.91
13.83
Mean
64.64
62.49
79.07
65.52
47.67
47.23
38.06
M-2005
6.2
39.12
37.42
58.07
40.68
59.78
35.40
45.18
7.9
46.62
37.30
62.50
44.84
44.94
26.39
47.25
Late-maturing
10.9
58.79
42.58
81.04
51.64
48.90
7.69
30.76
Large-seeded
17.8
71.87
56.69
98.65
70.08
14.99
5.21
15.62
Mean
54.10
43.50
75.07
51.81
42.15
18.67
34.70
Flash
6.2
54.34
46.58
61.64
47.51
76.58
69.56
87.88
7.9
58.73
56.74
73.81
52.18
83.04
66.07
66.36
Early-maturing
10.9
72.52
67.58
86.53
63.73
44.32
40.38
47.80
Small-seeded
17.8
105.35
79.46
111.15
81.69
33.03
36.60
26.33
Mean
72.74
62.59
83.28
61.28
59.24
53.15
57.09
Overall mean
63.83
56.19
79.14
59.54
49.68
39.68
43.29
Source of variation
P˃F
Irrigation (I)
<0.0001
<.0001
<0.0001
<0.0001
Cultivars (C)
<0.0001
0.3954
<0.0001
<0.0001
Plant Density (D)
<0.0001
<.0001
<0.0001
<0.0001
IxC
0.0061
7.94
0.0430
9.92
0.0002
14.10
<0.0001
IxD
0.0150
4.58
<.0001
5.73
0.0147
8.14
0.0036
CxD
0.0001
5.61
0.1453
ns
0.0021
9.97
0.0001
IxCxD
0.0099
7.93
0.1724
ns
0.1066
ns
0.1254
§ The least significant difference test values at 0.05 probability level. ǂ Not significantly different at P ˂ 0.05.
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WS
52.17
36.78
21.42
9.31
29.90
28.60
20.63
12.36
6.99
17.06
55.27
37.70
26.37
12.49
32.96
26.64

8.07
4.65
5.70
ns
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TABLE 2 - Boll distribution by fruiting branches in different plant density and irrigation level studies in 2008 and 2009.

Cultivars
Carmen
Late-maturing
Small-seeded
Mean
M-2005
Late-maturing
Large-seeded
Mean
Flash
Early-maturing
Small-seeded

FB1-3
2008
Density I
Plant m-2
6.2
32.14
7.9
40.28
10.9
42.85
17.8
60.26
43.88
6.2
29.81
7.9
32.93
10.9
39.01
17.8
50.44
38.05
6.2
35.75
7.9
45.43
10.9
53.29
17.8
75.89
52.59
44.84
P˃F

WS
bolls m-2
36.02
43.05
49.72
64.73
48.38
27.79
30.75
32.69
45.08
34.08
42.85
49.20
55.21
69.64
54.23
45.56

2009
I

WS

FB4-6
2008
I

29.96
29.16
38.46
48.21
36.45
28.10
31.15
32.41
45.98
34.41
38.81
40.67
44.23
56.24
44.99
38.62

35.55
34.52
38.73
59.37
42.04
24.22
28.37
32.14
48.66
33.35
30.43
37.50
45.60
58.03
42.89
39.43

25.46
33.13
28.57
35.71
30.72
24.99
23.81
29.12
29.91
26.96
30.47
35.31
39.28
49.99
38.76
32.15

WS
bolls m-2
22.98
30.35
30.49
44.19
32.00
19.40
15.27
14.28
13.32
15.59
29.19
33.73
33.51
35.26
32.92
26.84

2009
I

WS

FB≥7
2008
I

28.88
25.59
38.73
39.73
33.23
25.62
26.39
29.67
35.71
29.34
32.29
33.33
37.91
45.98
37.38
33.32

22.67
25.79
30.21
33.92
28.15
22.04
20.83
21.70
26.78
22.84
25.62
22.42
27.74
32.58
27.09
26.02

20.15
26.98
20.78
13.39
20.35
15.99
15.67
15.10
3.12
12.47
21.19
24.40
16.48
12.49
18.64
17.82

Mean
Overall mean
Source of variation
Irrigation (I)
0.6062
nsǂ
0.2509 ns
<0.0001
<0.0001
<0.0001
Cultivars (C)
<0.0001
<.0001
<0.0001
<0.0001
<0.0001
Plant Density
<0.0001
<.0001
<0.0001
<0.0001 2.23
<0.0001
(D)
<.0001 4.88
<0.0001 5.26
0.0269
5.45
0.6034
IxC
0.0002
4.88§
IxD
0.2105
ns
0.0047 2.81
0.3628
ns
0.1497
ns
0.0031
CxD
0.0013
3.71
0.1599 ns
<0.0001 3.70
0.1501
ns
0.0562
IxCxD
0.2387
ns
0.1207 ns
0.0003
5.25
0.4720
ns
0.2493
§ The least significant difference test values at 0.05 probability level. ǂ Not significantly different at P ˂ 0.05.

Water stress reduced first, second, third, and monopodial boll number per area for all cotton cultivars (Table 1).
However, there were differences (p<0.05) among cotton
cultivars regarding response to water deficit stress. The
highest decline in the ratio of first, and second, third, and
monopodial bolls per area among the cotton cultivars was
observed for the late-maturing and large seeded cultivar
(M-2005), when plants received deficit irrigation. This result may be attributed to large boll and high seed mass produced by M-2005. This result support the hypothesis that
smaller-seeded cultivars are able to either high boll retention or replace previously aborted bolls since each boll arguably requires less energy to produce.
As with cultivar and plant density, irrigation x cultivar
effects in both years, cultivar x density in 2008, and irrigation x density in 2009 were significant for total boll numbers produced by the first to the third fruiting branch per
area (Table 2). High plant density increased boll numbers
at the first to the third and fourth to the sixth fruiting branch
m-2 for all cultivars during experiment. Non-significant effect of irrigation on investigated character showed that
flowers or bolls produced at the bottom of the plant did not
affected by water stress. However, deficit water stress decreased boll numbers per area produced by the fourth to the
sixth fruiting branch and fruiting branch nodes ≥7. Cotton
cultivars responded significantly different to deficit water
stress as indicated by significant irrigation x cultivar interactions in both years. When plants received deficit irrigation,

WS
bolls m-2
10.43
13.49
7.14
6.24
9.32
7.91
3.37
1.05
1.39
3.43
13.35
13.09
8.51
8.72
10.92
7.89

2009
I

WS

36.17
32.54
39.28
27.23
33.80
41.30
40.03
48.07
32.58
40.50
35.24
35.71
37.63
31.69
35.07
36.46

12.11
17.26
17.03
13.16
14.89
14.75
11.90
7.14
1.38
8.79
19.09
13.69
7.81
6.98
11.89
11.86

<0.0001
0.7869
0.0014
ns
3.30
ns
ns

0.0027
0.0930
0.5627
0.5153

9.98
ns
ns
ns

M-2005, Flash, and Carmen, produced 76.93%, 59.05%, and
55.29% fewer bolls at fruiting branch nodes ≥7, respectively,
than did the full irrigated plants. Similarly, M-2005, Flash,
and Carmen produced 53.57%, 29.03%, and 10.03% fewer
bolls, respectively, at second, third position and monopodial
branch under water deficit irrigation. These results showed
that water stress had a major effect on boll retention at upper nodes and distal positions on fruiting braches which are
similar to those of Hofs et al. [13] and Pettigrew [2]. This
result also supports the hypothesis that small-seeded cultivars are more adaptable to adverse environmental conditions. Also Bednarz et al. [8] reported that if smallerseeded cultivars produce smaller but more bolls per unit
land area, then each boll arguably requires less energy to
produce. Thus, abortion of a boll would result in less
wasted energy. Also, when the stress was released (e.g.,
through irrigation), less energy would be required to replace previously aborted bolls.
In both years irrigation and irrigation x cultivar interaction were significant regarding the total seed surface area per
m-2 (Table 3). These results contrast with those of Feng et al.
[4] who reported that different irrigation regimes did not
chance the seed surface area. Differences in seed surface
area m2 among cotton cultivars may be attributed to varied
boll and seed number per area, and seed number boll-1 produced by cotton cultivars. Carmen and Flash, having small
seed compared to M-2005, had greater boll and seed number
m-2, and seed number boll-1 than M-2005 (Tables 2 and 4).
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The number of seed boll-1 (data do not shown) across the
year and plant density was 36.09, 31.95, 36.00 under full
irrigation, and 35.74, 30.72, and 35.38 under deficit water
stress for Carmen, M-2005, and Flash, respectively. Averaged across the years and plant densities, seed surface area
cm2 seed-1 (data do not shown) was as follows for the full
and deficit water irrigation and differed among cultivars:
full irrigation, Carmen = 1.0947, M-2005 = 1.3081, and
Flash = 1.0067; Deficit irrigation, Carmen = 1.0510, M2005 = 1.2035, and Flash = 0.9726. In both case, M-2005,
as expected, had the largest surface area per seed for fiber
production. Even though M-2005 had the largest seed surface area, M-2005 produced the lowest total seed surface
area and lint mass at per unit area under water stress. These
data suggest that the fiber production area at large seed surface was offset, however, by primarily decreased boll number per unit land area.
Fiber number per unit seed surface area was affected
by only main effects of irrigation and cultivar in the two
years of this experiment (Table 4). Deficit irrigation caused
an increase in fiber number per unit seed surface area 6.04
% and 7.18 % in 2008 and 2009, respectively. This result
contrasts with those of Feng et al. [4] who reported that
fibers produced per unit seed surface area was not affected
by irrigation level. In both years, Carmen and Flash produced more fiber per seed surface area than M-2005. Averaged over the two years, number of fibers produced per
unit seed surface area increased from 14.957 to 15.117,
while seed surface area decreased from 1.1365 cm2 to

1.0757 cm2 with the deficit stress. Also, when plants were
grown in the deficit water treatment, then lint mass per seed
and seed mass per seed (data do not shown here) A declined 4.22 % and 8.23 %, respectively. These results
shows that seed mass is much more sensitive to water deficit stress than number of fibers produced on seed probably
due to the high energy requirement for seed oil production.
Since plants had less boll under water deficit stress, these
bolls are most likely to receive more photosynthetic product than the bolls produced on plants grown under full irrigation. Therefore, seeds under deficit irrigation produced
more fibers at per unit seed surface area than full irrigation.
Overall number of seeds per m2 declined 14.8 % in
2008 and 38.8 % in 2009 under deficit moisture regime
(Table 4). Seed number m-2 response to irrigation varied
depending on cotton cultivar, due to the irrigation x cultivar
interaction in both years. Across the years and plant density,
deficit water stress reduced seed number m-2 38.53 % in M2005, which is the higher than that of the other two cultivars.
The response of cotton cultivars to water stress was consistent throughout the duration of this experiment, and both
Carmen and Flash cultivars had more seed at per unit area
than M-2005 regardless of irrigation regimes in both years.
Lint mass produced per unit area are affected by major
yield components including bolls m-2, seed boll-1, seed surface area, fiber number and fiber weight. Therefore, a reduction in this variable would contribute to the lint yield
reduction induced by water deficit stress.

TABLE 3 - Total seed surface area per unit ground area and lint mass per seed in different plant density and irrigation level studies in 2008
and 2009.
Total seed surface area
Lint mass
2008
2009
2008
Cultivars
Density
I
WS
I
WS
I
WS
Plant m-2
m2 m-2
mg seed-1
Carmen
6.2
0.4080
0.3571
0.4724
0.3447
72.13
64.88
7.9
0.4988
0.4415
0.4272
0.3252
72.86
67.73
Late-maturing
10.9
0.3812
0.3636
0.4780
0.2780
72.38
67.31
Small-seeded
17.8
0.4361
0.4353
0.4529
0.3194
73.66
67.16
Mean
0.4310
0.3994
0.4576
0.3168
72.76
66.77
M-2005
6.2
0.4148
0.2748
0.4713
0.2775
70.39
60.93
7.9
0.3419
0.2306
0.4972
0.2617
68.23
62.46
Late-maturing
10.9
0.4186
0.1742
0.5072
0.2557
72.69
63.34
Large-seeded
17.8
0.3302
0.2062
0.4885
0.2791
68.30
61.43
Mean
0.3764
0.2214
0.4911
0.2685
69.90
62.04
Flash
6.2
0.4441
0.3462
0.4858
0.2669
60.23
57.82
7.9
0.4941
0.4559
0.5487
0.2851
61.68
58.37
Early-maturing
10.9
0.4141
0.3641
0.4704
0.2571
62.55
61.19
Small-seeded
17.8
0.5808
0.4080
0.5557
0.3219
66.06
58.72
Mean
0.4833
0.3935
0.5151
0.2827
62.63
59.03
Overall mean
0.4303
0.3382
0.4880
0.2894
68.43
62.61
Source of variation
P˃F
Irrigation (I)
˂0.0001
˂0.0001
˂0.0001
Cultivars (C)
˂0.0001
0.1722
ns
˂0.0001
Plant Density (D)
0.0003
0.0455
0.2010
ns
˂0.0001
0.0576
0.0234
4.23
IxC
˂0.0001
0.0720§
ǂ
0.3847
ns
0.2261
ns
IxD
0.2405
ns
CxD
0.0003
0.0509
0.0737
ns
0.1845
ns
IxCxD
0.0395
0.0719
0.2880
ns
0.7737
ns
§ The least significant difference test values at 0.05 probability level. ǂ Not significantly different at P ˂ 0.05.
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2009
I

WS

76.48
75.49
73.83
74.08
74.97
86.96
82.75
87.62
84.35
85.42
73.70
69.35
72.88
75.03
72.74
77.71

76.32
82.41
74.86
76.22
77.45
75.85
79.47
79.91
82.92
79.54
74.50
75.45
74.10
76.35
75.10
77.36

0.6699
˂0.0001
0.9549
0.0001
0.0366
0.0946
0.6792

ns
ns
5.66
3.27
ns
ns
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TABLE 4 - Fiber numbers per unit seed surface area (SSA) and seed number per planted area in different plant density and irrigation level
studies in 2008 and 2009.
Fiber no.

Seed no.

2008
Cultivars

Density

I

Plant m-2

2009
WS

2008

I

WS

I

fibers cm-2 SSA

2009
WS

I

WS

Seed no. m-2

6.2

13315

14384

14522

14213

3675.14

3508.60

4632.73

3205.82

7.9

13770

14961

13973

15263

4552.17

4332.97

3853.75

2997.43

10.9

13404

14131

12755

14289

3483.11

3564.26

4258.05

2620.95

17.8

13276

14265

13148

14138

3899.86

4228.67

4158.69

2911.65

13441

14435

13599

14475

3902.57

3908.62

4225.81

2933.96

6.2

12035

12965

12416

12988

3197.35

2384.26

3546.23

2267.24

7.9

12418

12491

11569

13503

2743.67

1985.19

3672.22

2146.60

10.9

12860

13106

12711

13503

3290.39

1493.46

3772.98

2027.61

17.8

11252

12405

12600

13224

2548.70

1778.92

3685.43

2179.03

12141

12742

12324

13181

2945.03

1910.46

3669.22

2155.12

6.2

13351

14645

14119

15500

4554.89

3668.97

4733.56

2675.59

7.9

14036

14153

13522

15168

4947.06

4722.26

5533.75

2869.58

10.9

14768

15243

13788

14698

4221.57

3776.44

4659.98

2608.66

17.8

14350

15678

14082

14648

5516.22

4282.13

5440.23

3281.64

Mean

14127

14930

13878

15004

4809.94

4112.45

5091.88

2858.87

Overall mean

13236

14036

13267

14220

3885.85

3310.51

4328.97

2649.32

Source of variation

P˃F

Irrigation (I)

0.0036

703§

˂0.0001

941

˂0.0001

˂0.0001

Cultivars (C)

˂0.0001

725

˂0.0001

806

˂0.0001

˂0.0001

Plant Density (D)

0.6001

nsǂ

0.2772

ns

0.0006

IxC

0.8231

ns

0.7549

ns

0.0005

697.36

˂0.0001

497.45

IxD

0.6542

ns

0.1168

ns

0.4975

ns

0.7259

ns

CxD

0.3057

ns

0.1401

ns

0.0019

493.10

0.0190

351.75

IxCxD
0.9869
ns
0.3170
§ The least significant difference test values at 0.05 probability level.
ǂ Not significantly different at P ˂ 0.05.

ns

0.1228

ns

0.1492

ns

Carmen
Late-maturing
Small-seeded
Mean
M-2005
Late-maturing
Large-seeded
Mean
Flash
Early-maturing
Small-seeded

4. CONCLUSION
Non-significant irrigation x plant density for all investigated characters except for boll distribution showed that
the response of cotton plant to water stress was determined
by cotton genotype. Deficit irrigation inversely affected
yield components and within-boll yield components. A decrease in first position bolls (19 %), second, third and monopodial bolls per m2 (28.7), total seed surface area per m2
(31.7 %) and seed number per m-2 (27.5%) resulted in these
components being primarily responsible for yield decrease
resulting from water deficit stress. It is interesting to note
that yield components in this investigation differed greatly
between late-maturing and large-seeded cultivar, M-2005,
and late- and early-maturing and also small-seeded cultivars, Carmen and Flash. Deficit water stress decreased boll
number located upper and distal positions, total seed surface area per m2, and seed number per m2 for M-2005, more
than Carmen and Flash. These data showed that late-maturing and also small-seeded cultivar would be preferable

0.0015

under deficit irrigation, and that cultivars with small seed
are able to produce higher lint yield thorough the production of more bolls, seeds, and total seed surface area m-2
than large-seeded cultivars.
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EFFECT OF DELTAMETHRIN AND ALPHA CYPERMETHRIN
PESTICIDES ON BOVINE LIVER CATALASE ACTIVITY
Hasan Karadag* and Haluk Uluca
University of Adiyaman, Faculty of Science and Letters, Department of Chemistry, 02040, Adiyaman, Turkey

ABSTRACT
This experiment was carried out to investigate whether
there are any inhibitions of bovine liver catalase (CAT) activity by deltamethrin and alpha cypermethrin pesticides. CAT
activity was inhibited by increasing deltamethrin and alpha
cypermethrin pesticide concentrations from 0 to 500 ppm.
Under the exposure of 25, 50, 100, 250 and 500 ppm deltamethrin concentrations, % CAT enzyme activity decreases were calculated as 7.3; 16.9; 25.5; 40.7 and 62.7%,
respectively. Under the exposure of 25, 50, 100, 250 and
500 ppm alpha cypermethrin concentrations, % CAT enzyme activity decreases were calculated as 2.3, 3.0, 10.2,
13.8 and 16.3%, respectively. Deltamethrin and alpha cypermethrin inhibited CAT non-competitively.

KEYWORDS:
Deltamethrin, -cypermethrin, inhibition, pesticide and catalase

1. INTRODUCTION
Catalase (CAT) is an antioxidant enzyme. CAT converts hydrogen peroxide to water and oxygen [1]. Catalase
contains 4 porphyrin heme (iron) groups that permit the enzyme to react with the hydrogen peroxide [2]. To avoid hydrogen peroxide damage to cells, catalase is often used by
cells for degradation of hydrogen peroxide to water and oxygen [3].
Deltamethrin is a synthetic pyrethroid insecticide used
worldwide in agriculture, home pest control, protection of
foodstuff and disease vector control [4]. Alpha-cypermethrin is a synthetic pyrethroid insecticide too. Alpha-cypermethrin is used in large quantities in agriculture for crop
protection, veterinary medicine and in households to kill
unwanted bugs [5]. Deltamethrin and α-cypermethrin are
non-systemic insecticides with contact and stomach action.
They act on the central and peripheral nervous system in
very low doses [6].
Deltamethrin and α-cypermethrin cause a damage
to insects. At the same time, treatment of these insecticides
* Corresponding author

with organisms gives harm to organisms, and even, it can
cause death. Insecticides affect organisms, and consequently,
affect enzyme activity. Therefore, we studied the effects of
deltamethrin and α-cypermethrin on catalase activity.

2. MATERIALS AND METHODS
2.1 Chemicals

Catalase from bovine liver (C-1345), deltamethrin
(C22H19Br2NO3) (45423) and alpha cypermethrin
(C22H19Cl2NO3) (45806) were obtained from Sigma-Aldrich. All other chemicals used were of analytical grade.
2.2 CAT activitiy measurement

CAT activity was determined according to Lartillot et
al. (1988) [7], as a modification of the method described
by Bergmeyer (1974) [8]. CAT activity was measured
spectrophotometrically at 240 nm using a specific absorption coefficient at 0.0392 cm2.μmol-1 H2O2. 2.5 ml of substrate solution from 1 upto 30 mM of H2O2 in 50 mM, pH
= 7.5 phosphate buffer [10], and 20 μl of CAT solution of
around 0.5 mg protein/ml were mixed at 25 °C for 2 min,
and the reaction was stopped by adding 0.5 ml of 1 M HCl.
CAT activity was calculated as μmol H2O2 decomposition.mg protein-1.min-1 or (U.mg-1).
2.3 Protein measurement

The protein concentration was determined spectrophotometrically at 750 nm using bovine serum albumin as a
standard by the method of Lowry et al. (1951) [9]. For this
purpose, four solutions were prepared: 1. Solution A: 0.5 g
CuSO4.5H2O and 1 g sodium citrate dihydrate were dissolved at distilled water up to 100 ml; 2. Solution B: 20 g
Na2CO3 and 4 g NaOH were dissolved in distilled water
upto 1000 ml; 3. Solution C: 1 ml Solution A plus 50 ml
Solution B; 4. Solution D: 10 ml Folin-Ciocalteu plus 10 ml
distilled water. After that, 2.5 ml solution C was added to
0.5 ml of prepared CAT solution, vortexed, waited for
10 min at room temprature, mixed with 0.25 ml Solution
D, vortexed, and after 30 min, read at 750 nm.
2.4 Effect of pesticides on enzyme activity

We prepared 5000 ppm deltamethrin and -cypermethrin dissolved in 2 ml absolute ethyl alcohol. Because of
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low solubility of deltamethrin and cypermethrin in water, both pesticides were dissolved in ethyl alcohol. Then,
we arranged 25, 50, 100, 250 and 500 ppm pesticides with
ethyl alcohol plus 700 µl enzyme solution. At 0 ppm or
control, we used 300 µl absolute ethyl alcohol plus 700 µl
enzyme solution. Our solution volumes of enzyme plus
ethyl alcohol and pesticide were 1 ml. The mixtures were
incubated at room temperature for 1 hour. Then, activities
of CAT were measured.
2.5 Measurement of the Type of CAT activity inhibiton by Deltamethrin

At different concentrations of H2O2 (1, 5, 10, 15, 20,
25 and 30 mM) and at different concentrations of deltamethrin (25 and 100 ppm), activities of CAT were determined.
Lineweaver-Burk graph of CAT was drawn by using the
obtained results (Fig. 1).
2.6 Measurement of the Type of CAT activity inhibiton by cypermethrin

At different concentrations of H2O2 (1, 5, 10, 15, 20,
25 and 30 mM) and at different concentrations of -cypermethrin (25 and 100 ppm), activities of CAT were determined. Lineweaver-Burk graph of CAT was drawn by using the obtained results (Fig. 2).

3. RESULTS
3.1 Effect of deltamethrin on CAT activity

Different deltamethrin concentrations with CAT enzyme solutions were prepared, and then, activities of CAT
were measured and are given in Table 1. Compared to the
control activity, there are statistical differences between all
CAT activities which interacted with the deltamethrin concentrations (P<0.05, n=3). Under the exposure of 25, 50,
100, 250 and 500 ppm deltamethrin concentrations, % CAT
activity decreases were calculated as 7.3; 16.9; 25.5; 40.7
and 62.7%, respectively.
TABLE 1 - Effect of deltamethrin concentrations on catalase activity.
Deltamethrin concentration
Activity ± standard error (U/mg)
(ppm)
1047±0a
0
971±3b
25
870±16c
50
780±5d
100
621±14e
250
391±25f
500
Values are expressed as means ± standard error (n = 3). At the table, “a,
b, c, d, e and f” letters were used for differences of activity levels. There
are statistical differences between datas which were shown with different
letters (p˂ 0.05).

2.7 Data analysis

Data are presented as means ± standard error. For the
statistical analyses, one-way analysis of variance (ANOVA)
was used, followed by the Student Newman-Keul's test using the SPSS version 21 statistical software (SPSS Inc., Chicago, IL, USA). Differences were considered to be significant if P<0.05.

3.2 Inhibiton type of CAT activity by deltamethrin

According to Fig. 1, Vmax (maximum velocity of reaction), Km (Michaelis constant) and Ki (inhibition constant) of CAT activity at different concentrations of deltamethrin were calculated and shown in Table 2.

FIGURE 1 - Lineweaver-Burk graph of CAT exposed to deltamethrin.
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TABLE 2 - Effect of deltamethrin and alpha-cypermethrin on kinetic parameters of CAT.
Pesticide concentrations
0 ppm deltamethrin
25 ppm deltamethrin
100 ppm deltamethrin
0 ppm alpha cypermethrin
25 ppm alpha cypermethrin
100 ppm alpha cypermethrin

Vmax (U/mg)
2821
1781
1204
1716
483
339

Km (M H2O2)
9.65×10-3
6.38×10-3
9.15×10-3
9.44×10-3
7.19×10-3
9.09×10-3

Ki (M)
0.00
4.73×10-9
8.91×10-9
0.00
2.22×10-8
4.93×10-8

35,0
0 ppm alpha
cypermethrin

30,0

y = 0,0055x + 0,5827
R² = 0,9915

25,0
20,0
(1/V)*E‐3

25 ppm alpha
cypermethrin
y = 0,0149x + 2,0719
R² = 0,8997

15,0
10,0
5,0

100 ppm alpha
cypermethrin

0,0
‐200,0

0,0

200,0

400,0

600,0

800,0

1000,0

1/[S(M)]

y = 0,0268x + 2,9471
R² = 0,9377

FIGURE 2 - Lineweaver-Burk graph of CAT exposed to alpha-cypermethrin.

3.3 Effect of -cypermethrin

Different -cypermethrin concentrations with CAT enzyme solutions were prepared, and then, activities of CAT
were measured and are given in Table 3. According to the
control activity, there are statistical differences between
CAT activities which interacted with the -cypermethrin
concentrations (P<0.05, n = 3). Under the exposure of 25,
50, 100, 250 and 500 ppm -cypermethrin concentrations,
% CAT activity decreases were calculated as 2.3; 3.0; 10.2;
13.8 and 16.3%, respectively.
3.4 Inhibiton type of CAT activity by -cypermethrin

According to Fig. 2, Vmax, Km and Ki of CAT activity at different concentrations of - cypermethrin were calculated and shown in Table 2.

concluded that deltamethrin caused stronger inhibition of
CAT activity compared to -cypermethrin.
TABLE 3 - Effect of alpha-cypermethrin concentrations on catalase
activity.
Alpha-cypermethrin concentration
Activity ± standard error
(ppm)
(U/mg)
0
1607±30a
25
1570±0a
50
1559±5a
100
1443±4b
250
1385±25c
500
1345±3c
Values are expressed as means ± standard error (n = 3). At the table, “a, b
and c” letters were used for
differences of activity levels. There are statistical differences between
data which are shown with different letters (p˂ 0.05).

3.5 Comparison of deltamethrin and -cypermethrin on CAT
activity

Under the exposure of 25, 50, 100, 250 and 500 ppm,
-cypermethrin and deltamethrin concentrations, % CAT
activity decreases were calculated and shown in Fig. 3. We

4. DISCUSSION
Pesticides overproduce free radicals and alter antioxidant defense mechanisms [11]. In the present study, with
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FIGURE 3 - Comparison of deltamethrin and alpha-cypermethrin on CAT activity.

increasing deltamethrin and alpha-cypermethrin concentrations, CAT activity decreased and the enzyme was inhibited. In animals, CAT is present in all major body organs, being especially concentrated in the liver. The brain,
heart, and skeletal muscle contain lower levels of CAT than
the liver [12]. Then, hydrogen peroxide increases inside organs where CAT activity fails. Hydrogen peroxide is the
main cellular precursor of the hydroxyl radical which is a
highly reactive and toxic form of ROS (reactive oxygen
species) (Vlahogianni et al. 2007) [13]. ROS lead to oxidative stress. Deltamethrin and alpha-cypermethrin inhibit
CAT activity. Such as, Oliveira et al. (2012) found decreased CAT activity in digestive gland of common prawn
exposed to 39 ng.L-1 deltamethrin [14]. The work by Yonar
and Sakin (2011) [15] showed reductions in antioxidant enzyme activities (superoxide dismutase, catalase, and glutathione peroxidase) and low molecular weight antioxidant
reduced glutathione levels in deltamethrin-exposed Cyprinus carpio fishes [15]. Sayeed et al. (2003) [16] treated
freshwater fish Channa punctatus Bloch with deltamethrin
(0.75 mg/L) for 48 h. They reported decreased CAT activity in kidney, liver and gills [16]. Rehman et al. (2006)
[17] orally administered 2 doses of deltamethrin, 5.6 and
18 mg/kg body weight (bw) to male Swiss albino mice for
15 days. They observed suppressed glutathione peroxidase,
glutathione S-transferase and catalase activity in liver and
kidney of male Swiss albino mice [17]. Manna et al. (2004)
[18] orally administered single LD50 doses (145 mg/kg) of
alpha-cypermethrin to Wistar rats. They found decreased
activities of catalase, superoxide dismutase and glycogen
in the liver [18]. Manna et al. (2006) [19] studied another
experiment related to alpha-cypermethrin. They daily
orally administered 1/10 LD50 dose (14.5 mg/kg) of alphacypermethrin to rats for 60 days. They found significantly
decreased activities of catalase, superoxide dismutase and
glycogen in the liver [19].

In this study, we found Km values near each other and
decreased Vmax values at Lineweaver-Burk graph for deltamethrin and alpha-cypermethrin. The hallmarks of noncompetitive inhibition have an unchanging Michaelis constant (Km) and a decrease of the maximum velocity
(Vmax) when the inhibitor is present (Fersht, 1985) [20].
That is the way we suggest: non-competitive inhibition for
deltamethrin and alpha-cypermethrin for binding to CAT.
In non-competitive inhibition, the inhibitor also binds at a
site distinct from the substrate active site, but it binds to
either enzyme or enzyme- substrate complex [21]. Similar
to the results of the present study, Bouyahia et al. (2011)
[22] showed non-competitive inhibition by cyanide for
binding to bovine liver catalase. Deltamethrin and alphacypermethrin also contain cyano (nitrile) groups. In another study, Karadag and Bilgin (2010) [23] reported inhibition of copper-zinc superoxide dismutase by cyprodinil
and fludioxonil. They determined competitive inhibition of
cyprodinil and non-competitive inhibition of fludioxonil
on copper-zinc superoxide dismutase [23]. The fludioxonil
structure also includes cyano group. We think, cyano
groups lead to non-competitive inhibition. Copper-zinc superoxide dismutase catalyzes the dismutation of the superoxide radical to hydrogen peroxide and oxygen. Superoxide is produced as a by-product of oxygen metabolism and,
if not regulated, causes many types of cell damage. Hydrogen peroxide is also damaging, but less so, and is degraded
by other enzymes such as catalase [24].

5. CONCLUSIONS
There are a lot of studies about the effects of pesticides
on enzyme activitiy. However, we think that this is the first
study related to the competitiveness of deltamethrin and alpha-cypermethrin with the substrate i.e. H2O2. We deter-
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mined that deltamethrin and alpha-cypermethrin inhibited
CAT non-competitively. This means, deltamethrin and alpha-cypermethrin cannot bind to active sites of CAT, but
these insecticides can bind at separate sites of CAT enzyme,
or at a separate site of the enzyme- substrate complex.

catalase and lipid peroxidation) in mussels Mytilus galloprovincialis for assessing heavy metals’ pollution in coastal areas from
the Saronikos Gulf of Greece. Mar Pol Bul. 54, 1361–1371.
[14] Oliveira, C., Almeidaa, J., Guilhermino, L., Soares A.M.V.M.,
Gravato, C. (2012). Acute effect of deltamethrin on swimming
velocity and biomarkers of the common prawn Palaemon serratus. Aquat Toxicol. 124– 125, 209– 216.
[15] Yonar, E.M., Sakin, F. (2011). Ameliorative effect of lycopene
on antioxidant status in Cyprinus carpio during pyrethroid deltamethrin exposure. Pestic Biochem Phys. 99, 226–231.
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ABSTRACT
In general, modern factories have recovered the most of
industrial waste water before discharging. However, high
concentration of phosphorus (P) and ammonium (NH4+) are
commonly found. Simultaneous removal of P and NH4+ is
therefore of great urgency and high priority. The purpose of
this study is to fabricate a novel absorbent of CaCO3/zeolite (CCZ) composite, and explore the effect of synthesis
conditions on the removal efficiency of synthesized composite to NH4+ and P simultaneously. Experimental data
show that the adsorption capacity of composite to P is compressed by calcination even though the removal of NH4+ is
subtly improved. Furthermore, the stirring speed and synthesis time have minor effect on the simultaneous removal
ability to NH4+ and P. In order to further improve the properties, zeolite is pretreated with mild acid, mild base and
high concentration of NaCl solution before the synthesis of
composite. However, the properties of composite samples
are insignificantly changed although the ion-exchange capacity of zeolite can be promoted. Finally, the optimized
CCZ composite can be obtained under ideal conditions
with great potential in simultaneous removal of NH4+ and
P from waste water.

concentration of N and P can be effectively applied for water treatment. It has been reported that the natural porous
mineral can be used as the simple and high efficiency adsorbent [2, 3]. However, most of studies focus on the removal of P or NH4+ alone. As known, phosphate as soluble
P in aqueous solution is negatively charged; while NH4+ is
positively charged. Thus, it is difficult to remove both of
ions by adsorption due to their opposite charges. Efficient
simultaneous removal of P and NH4+ is of great urgency
and high priority for industrial wastewater disposal.
Calcium carbonate (CaCO3) possesses the excellent
sorption capacity to remove phosphate from aqueous solution [4, 5]. NH4+ can be reduced by zeolite with the ionexchange [6-9]. Therefore, the first try was explored to design and fabricate the composite of CaCO3 and zeolite with
the simultaneous removal ability of NH4+ and P. In this
study, the various synthesis conditions on the composite of
CaCO3/Zeolite (CCZ) were investigated. The details of this
paper address the following specifics: (i) assess the effect
of calcinations, stirring speed and stirring time for the simultaneous removal ability of composite to ammonium and
phosphate; (ii) evaluate the effect of pretreatment methods
(including acid, base and salt treatment for zeolite) on the
removal of NH4+ and P; (iii) characteristic the optimized
CCZ with XRD and SEM spectrums.

KEYWORDS:
CaCO3/zeolite; Adsorption; Ammonium; Phosphate

2. MATERIALS AND METHODS
1. INTRODUCTION

2.1 Synthesis methods of materials

It’s well-known that Nitrogen (N) and phosphorus (P)
are mainly limit nutrients for phytoplankton. The continuous accumulation of P and ammonium (NH4+) in water
could lead to seriously eutrophication [1]. In general, the
most of industrial waste water have been treated before discharging. However, high concentration of phosphate and
ammonium are commonly found. Adsorption to reduce the
* Corresponding author

All chemicals used in this study are analytical grade.
Based on the synthesis method of CaCO3 in our previous
study [10], the composite of CaCO3/zeolite was obtained as
following steps. Firstly, Ca(CH3COO)2 and Na2CO3 solution
were prepared with the molar ratio of 2:1. System 1 was obtained through above 40% volume of Ca(CH3COO)2solution mixed by ethylene glycol. Similarly, system 2 was obtained by Na2CO3 mixture with ethylene glycol.And then,
the natural zeolite (from JinYun county, ZheJiang province, China) was added into system 1 with a molar ra-
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tio of zeolite/ Ca(CH3COO)2 to 4:1. Immediately, the system 1 and 2 were mixed thoroughly and stirred at 75 °C with
changing speed and time. Finally, the precipitates were collected by filter and washed with anhydrous ethanol for several times, and then dried under the different temperatures.

calcination may change the crystal phases of CaCO3 to inhibit the removal of P.
100
+

NH4
P

2.2 Adsorption batch experiments
Removal Efficiency %

In batch tests, the experimental details were similar as
previous studies [11, 12]. 5 g/L composite of CCZ were
added to aqueous solution containing NH4Cl (1 mM) and
NaH2PO4 (5 mM). At the end of adsorption equilibration, the
suspensions were centrifuged and filtered through 0.45 μm
filter. Finally, P concentration in the filtrate was analyzed
by colorimetry using the molybdenum blue method [13] and
NH4+ concentration was analyzed by the Nessler method
through a Unico spectrophotometer [14]. The sorption amount
was determined from the difference between initial and final
P or N concentration in the liquid phase. Removal efficiency
as the fraction of ammonium and phosphate absorbed was
plotted versus various synthesis conditions.

80

60

40

20

0

Zeolite
CCZ-c
Calcite
CCZ
FIGURE 1 - The simultaneous removal efficiency of NH4+ (1 mM) and
P (5 mM) by zeolite, calcite, CCZ, and CCZ-c.

2.3 Pretreatment of nature zeolite
120

Pretreatment of zeolite before the synthesis of CCZ
was conducted as following procedures: (a) mild acid: a certain amount of zeolite was boiled with 10 mM H2SO4 solution for 6 h; (b) mild base: washed with 50 mM NaOH solution at 80 for 10 min; (c) using salt: mixed with 1 mM and
6 mMNaCl solution at 75 for 3 h, respectively.

P
+
NH4

Removal Efficiency %

100

2.4 Material Characterization

The crystalline phase of synthesized materials was
identified by X-ray powder diffraction (XRD) using a D8
Focus X-ray diffractometer (XRD). The surface morphology was characterized by scanning electron microscopy
(SEM) analysis using Quanta 400F SEM. The surface areas
of the synthesized materials were determined by a nitrogen
multi-point BET isotherm.
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FIGURE 2 - The simultaneous removal efficiency of NH4+ (1 mM) and
P (5 mM) by the composites of CCZ synthesized under various stirring speed.

3. RESULTS AND DISCUSSION
3.1. Calcination

Fig. 1 shows the removal efficiency of various absorbents
to NH4+ and P. The experimental results show that 58 % of
NH4+ can be reduced by zeolite; while phosphate fails to be
removed (data not shown). Oppositely, 78 % of phosphate
but NH4+ can be successfully removed by nature calcite. It
is noted that the composite of CaCO3/Zeolite (CCZ) has the
higher adsorption efficiency as 95% and 63% to P and NH4+,
respectively. The CCZ with calcination (CCZ-c) sample is
calcined at the temperature of 550 degree for three hours.
However, CCZ with calcination treatment (CCZ-c) seems to
show negative effect on P adsorption and subtle improvement of NH4+ removal. It is most likely that calcination
procedure eliminates impurity (such as organics), unchokes the duct of zeolite in CCZ and enlarges the specific
surface, which favor the physical adsorption and cation exchange capability of zeolite [15-17]. On the other hand,

3.2. Synthesis time and stirring-speed

During the synthesis of CCZ composite, the stirring
speed in bath water could influence the growth of CaCO3
crystal [18]. In order to find the ideal condition, the specific
removal abilities of CCZ to NH4+ and P at different stirring
speed (500-1500 r/min) are present in Fig. 2. The experimental data show that there is a minor discrepancy among
those CCZ obtained by different stirring speed. Furthermore, the corresponding XRD and SEM patterns of CCZ
samples exhibit a negligible differ with each other on the
crystal morphology and characteristic peaks, which are
present at later section. It is obvious that stirring speed has
negligible effect on the crystal growth of CaCO3 particles
on zeolite. As known, the sorption capacity to phosphate
depends on the specific surface areas and functional groups
of CaCO3 as following chemical equations [19, 20]:
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2=SOH + H3PO4 ↔ =S2PO4- + H+ + 2H2O
=SOH + Ca2+ + H3PO4 ↔ =SPO4Ca + 2H+ + H2O
(S: presumed to be Ca surface for CaCO3)
The reaction of P with CaCO3 starts with sorption, and
then it is followed by the mineral surface-induced nucleation of Ca-P phases (such as ACP, OCP, brushite, apatite,
and HAP) with increasing P concentration [10, 21]. Therefore, CCZ composites obtained by various stirring speed
present the similar adsorption capacity to P.
It is known that adsorption capacity of adsorbent is
mainly determined by physical characteristics of adsorbent. Therefore, the series of CCZ composites synthesized
under different reaction time (1-4 hrs) were also investigated. In general, the synthesis time has minor effect on the
removal efficiency of composites to P and NH+ as shown
in Fig. 3. Therefore, 1 hrs of bath-water time is chosen for
the synthesis of composite.

salt favors NH4+ removal, while inhibits the extent of phosphate sorbed by CCZ. It is likely contributed to the higher
amount of Na+ on zeolite surface leading to the higher ionexchange capacity [26, 27]. Nevertheless, salt treatment
has a negative effect on the removal of NH4+ and phosphate
compared by CCZ without any treatment. Thus, the high
stirring-speed at 75 ℃ for 1h without pretreatment for zeolite is chosen as the ideal condition for synthesis. The optimized CCZ with a surface area of 23.2 m2/g is therefore obtained. There is little research available on the synthesis of
zeolite composite except the zeolite/hydrated iron oxide (Zeolite/Fe2O3) composite [28,29]. It has a simultaneous adsorption capacity about 0.253 mmol/g and 0.032 mmol/g for
NH4+ and P, respectively [28]. Comparably, 63% of NH4+
(～0.126 mmol/g) and 95% of P (～0.95 mmol/g) can be reduced by the synthesized CCZ composite in our study.
100
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P
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P

80

+

NH4

60

40

60

40

20
20

0

Zeolite

0
0

1

2

3

4

Calcite

CCZ

CCZ-a

CCZ-b

5

Stirring Time (h)

FIGURE 3 - The simultaneous removal efficiency of NH4+ (1 mM) and
P (5 mM) by the composites of CCZ synthesized under various stirring time (1-4 hrs).

FIGURE 4 - The simultaneous removal efficiency of NH4+ (1 mM) and
P (5 mM) by the composites of CCZ-a and CCZ-b with the pretreatment of zeolite by (10 mM) H2SO4 and (50 mM) NaOH solution, respectively.

3.3. Zeolite pretreatment

100
+

NH4
P

80

Removal Efficiency %

In order to achieve the excellent adsorption ability of
composite, the pretreatment of zeolite is conducted. The
removal of NH4+ is contributed to the ion-exchange in ducts
of natural zeolite [22]. It is well known that the larger surface area provides more adsorption sites for stronger ionexchange capacity. Usually, the ducts are blocked with
plenty of impurity, which could reduce the specific surface
area. Thus, zeolite can be treated with mild acid, base and
salt to clean up the duct so that their ion-exchange capacity
to NH4+ can be promoted without damaging their structure
[23-25].
Fig. 4 exhibits the experimental results of zeolite treated
by mild acid and base. It is obvious that the acid and base
treatment plays the insignificant role on the removal of NH4+
and P by composites. In particular, the removal ability of
composites becomes different after zeolite washed with
changing the concentration of NaCl solution as shown in
Fig. 5.Comparison of CCZ-s1 and CCZ-s2 reveals that high

60
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Zeolite
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CCZ

CCZ-s1

CCZ-s2

FIGURE 5 - The simultaneous removal efficiency of NH4+ (1 mM) and
P (5 mM) by the composites of CCZ-s1 and CCZ-s2 with the pretreatment of zeolite by 1 mM and 6 mM NaCl solution, respectively.
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These results suggest that the CCZ composite can be
successfully utilized to remove NH4+ and phosphate from
aqueous solution.
3.4. Characteristic of the synthesized CCZ

Fig.6 shows the XRD pattern of final CCZ composite.
The peaks of CCZ can be characterized at 2θ=24.87°,
27.03°, 32.71°, and 43.80° identified as CaCO3 associated
with PDF# 72-0506. In comparison with the XRD pattern
of natural zeolite, the optimized CCZ possess the characteristic peak of CaCO3 and natural zeolite. It should be
pointed out that the CaCO3 peaks are weaken compared by
CCZ. It could be attributed to the low mass ratio of CaCO3
to zeolite in the composite.

4. CONCLUSIONS
The stirring speed and synthesis time have negligible
effect on the synthesis of CCZ composite. Calcination obviously inhibits the P adsorption, although it subtly favors
the removal of NH4+. Pretreatment of zeolite with mild
acid, mild base and high salt shows the insignificant promotion of NH4+ and P adsorption on CCZ. Thus, the ideal
conditions for the synthesis of CCZ composite should be
controlled at 75 ℃ with high stirring-speed for 1h. In comparison with zeolite and CaCO3, the novel CCZ material is
obtained with great potential in the simultaneous removal
of ammonium and phosphate from waste water.

CCZ-4
Relative Intensify (a.u.)

main crystal structure of natural zeolite is aluminosilicate
tetrahedral which is balanced by cations (Na+ , K+ , Ca2+ ,
Mg2+) on the external surface so that the zeolite surface is
negative charged [30, 31]. Thus, Ca2+ is easily incorporated
into the lattice of zeolite crystal, leading to the growth of
CaCO3. As a result, fine sphere particles are uniformly
loaded on the surface of zeolite as shown in Fig. 7. Our
experimental results show that the composite with both of
adsorption ability to anions and cations can be successfully
fabricated through the growth of CaCO3 sphere particles on
zeolite.

Natural zeolite

CaCO3
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FIGURE 6 - XRD patterns of the optimized CCZ, CaCO3, and natural zeolite.

The SEM image of optimized CCZ is present in Fig. 7.
Natural zeolite seems amorphous in shape. However, the
morphology is changed after CaCO3 loaded. The final
composite generates a new sphere crystalline phase. The

We would like to acknowledge the funding support of
National Natural Science Foundation (NSF) of China
(grant No. 21377090), NSF of Jiangsu Province (grant No.
BK20131152), Qinglan project of Jiangsu Province, Open
Projects of the Jiangsu Key Laboratory for Environmental
Functional Materials (No. SJHG1309), Key Innovative Projects in Colleges of Jiangsu Province (201310332018Z), and
Postgraduate Research and Innovative Projects of Suzhou
University of Science and Technology (No. SKCX14-063

FIGURE 7 - SEM images of natural zeolite (A) and composite of optimized CCZ (B).
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ABSTRACT
Data related to carbon storage capacities of forests
have become increasingly important in the context of
global warming. Following the Kyoto Protocol, countries
need to understand the carbon storage abilities of their forests in order to perform true declarations. So, we aimed to
design allometric biomass and carbon equations able to
predict above-ground biomass and amount of carbon, and
to enable the conversion of standing stem volumes to stored
carbon values of above-ground tree components for Pinus
brutia Ten, P. nigra Arn. and P. sylvestris L. trees. Carbon
concentrations of tree components were established using
tree samples. The biomass and sequestered carbon were modeled from the standing stem volume of single trees, in order
to allow the calculation of the carbon sequestered in stands.
The study tested different models in determining biomass
as a function of DBH or DBH and H. Appropriate functions
were chosen and used in the estimation of biomass. The
present study makes it possible to safely attain aboveground biomass and sequestered carbon values without any
auxiliary operation by using the standing stem volume,
which is the most practical element in management plans.
KEYWORDS: Pinus brutia Ten., Pinus nigra Arn., Pinus sylvestris
L., above-ground biomass, stem volume, carbon storage, carbon
concentration

1. INTRODUCTION
Forest ecosystems provide multilateral benefits for humans at both local and global levels. Information about the
tree biomass is required for many purposes, such as understanding the carbon storage and carbon cycle, determining
the forest productivity, and estimating of flammable materials in forest fires [1]. Within the global carbon cycle, forest ecosystems play a dominant role, since they hold atmospheric CO2 and store it within vegetation and soil [2-5].
Exact and accurate determination of the amount of the carbon stored in forest ecosystems and the carbon stock changes
has gained importance from the aspect of global carbon cy* Corresponding author

cle, particularly with regard to minimizing the effects of CO2
emissions. Determination of carbon stocks in forests is also
necessary from the aspects of commitments made under the
United Nations Framework Convention on Climate Change
(UNFCCC), and the implementation obligations brought by
Kyoto Protocol [6]. The UNFCCC holds all the parties responsible for preparing, publishing, and periodically updating their national inventories for emissions of gases having
sera effects, and any land-use change and forestry changes
[7, 8]. In addition, because carbon is becoming a valued
product on the global market, estimating the amount of carbon stored in growing trees and harvested wood is becoming increasingly important [9].
Forest inventory data is accepted to be an important
resource due to more accurate C storage information, and
better reflection of regional heterogeneity through local
measurements [10, 11]. The basic input of the carbon calculation method is the commercial wood volume which is
obtained from forest inventories, and then, transformed
into biomass carbon by being multiplied with biomass expansion factors [12]. Löwe et al. [13] have evaluated the
implementation of this method in their study on national
land-use change and forestry reports of 15 EU-member
countries, and have found some deficiencies in transparency, consistency, and completeness. Good Practice Guidance for LULUCF activities requires carbon stock change
calculations, made by using objective, transparent, and appropriate methods as well as uncertainties predicted and
minimized in time [14]. For this reason, there is an increasing interest in accurate and complete determinability of forest carbon stocks [6]. Although IPCC upholds the use of
“bottom-up approach” requiring the use of forest inventories in determining carbon stock changes, the forest inventories generally focus on wood volume for economic reasons, and do not involve data about biomass [15]. If the
carbon calculation is performed based on the forest inventory, both aboveground and belowground carbon values
will be calculated using biomass expansion factors (BEF)
and stem-wood volume, or the biomass equations will be
utilized when there are sufficient data [16-18].
According to Article 25 of Kyoto Protocol, Turkey began using the protocol on 26 August 2009. The accurate determination of forest carbon stocks is required for both the
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Kyoto protocol and REDD + (reducing emissions from deforestation and forest degradation in developing countries;
and the role of forest conservation enhancement of forest
carbon stocks in developing countries) processes [19].
Although GIS-based forest inventories and analyses
are easier [20, 21], allometric equations provide more accurate C storage information, and better reflect regional
heterogeneity. Allometric equations that allow the estimation of biomass and carbon from the sizes of trees are
widely used tools in determining the biomass and carbon
stocks [22-25]. Since the general biomass expansion factors do not exactly comply with local conditions in estimation of biomass and carbon stored in a growing stock, they
do not provide sufficiently accurate estimated levels. For
this reason, the allometric models assessing the local inventory result provide more accurate and reliable results.
Red Pine, Scotch Pine and Black Pine are the most
common natural pine species in Turkey. The area covered
by Red Pine forests (total of normal and ruined areas) is
5,854,673 h, that of Black Pine is 4,693,060 h, and that of
Scotch Pine is 1,479,648 h. These 3 species cover 45% of
the total forest surface of Turkey [26], and for this reason,
the aboveground biomass models have been developed for
these species [27-29]. But, in these studies, the biomasses
have been determined as aboveground biomass, body, branch,
needle, crown, and whole-tree ones. No classification has
been made in branch woods, and no distinction has been
made between the wood and bark. The models are based on
diameters at breast height (dbh) and diameters at breast
height and total tree height (dbh-h), and it requires the reprocessing of data making the process harder if the data are
not provided in detail in the inventory. Data which can be
obtained easily from forest inventories and management
plans are standing stem volumes. For this reason, any newly
developed models should allow the estimations of biomass
and carbon values based on standing stem volume data, and
should include commercial and non-commercial levels.
Moreover, the determination of commercial and non-commercial branch weights and bark amounts is very important
for biomass investors using these wastes as raw material. For
these reasons, a new study that rapidly and accurately determines the biomass and carbon stored, has been designed.
Thus, this study examined the following: 1) The determination of commercially valuable above-ground bio-mass
which is removed from the forest during harvest as well as
those with no commercial values which are left in the forest.
2) The determination of carbon content of above-ground tree
components. 3) The development of appropriate models for
the conversion of standing stem volume to biomass, and
stored carbon values of above-ground tree components.
2. MATERIALS AND METHODS
2.1 Study area

The study has been prepared to be carried out in regions where biomass studies have already been undertaken

on these species using complete renewed sampling. The
Red Pine samplings were done within the borders of Adana
Regional Directorate of Forestry, the Scotch Pine samplings were done within the borders of Erzurum Regional
Directorate of Forestry, and the Black Pine samplings were
done within the borders of Zonguldak Regional Directorate
of Forestry. It is thought that each of the sampling locations
is representative of related species.
Adana Regional Directorate of Forestry is located in
the southeast of Turkey (36°33'-39°25' N, 30°40'-36°40' E).
The Mediterranean climate with hot and dry summers and
warm and rainy winters is dominant within this research
area. The annual average temperature is 18.7 °C, the maximum summer temperature is 45.6 °C (in August), and the
minimum winter temperature is 8.4 °C (in January). The
averaged annual precipitation is 646.8 mm and averaged
relative humidity is 66%.
Zonguldak Regional Directorate of Forestry is located in
the northwest of Turkey (41°00'-41°48' N, 31°10'-32°50' E).
The Black Sea climate is dominant within this research area.
This climate type is characterized by rain in almost every season; the summers are not hot, and the winters are warm. Annual average temperature is 12.9 °C, maximum summer temperature is 42.8 °C (in July), and minimum winter temperature is 4.1 °C (in January). The average annual precipitation
is 1040 mm, maximum monthly precipitation occurs in
August (181 mm), and minimum monthly precipitation is
40 mm, during April. Average relative humidity is 55.6%.
Erzurum Regional Directorate of Forestry is located in
the northeast of Turkey (38°55'-42°41' N, 38°16'-44°49' E).
The winter season is long and cold within the research area.
It is generally snowy and frost frequently occurs. The annual average temperature is 10.2 °C, maximum summer
temperature is 24.2 °C (in July), and the minimum winter
temperature is –4.2 °C (in January). The average annual
precipitation is 579.4 mm. The main precipitation occurs
in winter and spring. The ratio of summer precipitation is
9.5%, and averaged relative humidity is 60.2%.
2.2 Experimental data

Single trees from pure stands of red pine, scots pine
and black pine in different development phases were analyzed in order to determine above-ground biomass development. Each sample tree was selected randomly from
trees with no damage. 39 sample trees for red pine, 36 sample trees for scotch pine, and 40 sample trees for black pine
(totally 115 trees) were measured from various diameter
and height groups. Some characteristics of the sample trees
are shown in Table 1. Each sample tree was cut very close
to soil level after cleaning the surrounding area. The whole
length of the cut trees and diameter at breast height (to the
nearest mm and bidirectional) were measured. The branches
of the cut sample trees were then removed from the stem.
The branches were divided into the two groupings of thinner
than 4 cm (non-commercial) and thicker than 4 cm (with
commercial value), and were then weighed. The stem was
divided into 2.05 m sections and the diameters of the sec-
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TABLE 1 - Some characteristics about sample trees.
Pinus brutia (Ten.)
Sample no
DBH
(cm)
1
24
2
17
3
23
4
8
5
39
6
17
7
15
8
32
9
38
10
22
11
18
12
25
13
30
14
46
15
28
16
18
17
16
18
23
19
35
20
37
Pinus silvestris (L.)
Sample no
DBH
(cm)
1
26
2
38
3
52
4
25
5
22
6
40
7
16
8
14
9
18
10
20
11
17
12
24
13
11
14
28
15
50
16
37
17
29
18
55
Pinus nigra (Arnold.)
Sample no
DBH
(cm)
1
36
2
24
3
25
4
22
5
38
6
30
7
24
8
28
9
26
10
21
11
19
12
18
13
12
14
19
15
17
16
13
17
15
18
16
19
18
20
17

Height (m)

Site class

Exposure

Sample no

11.1
8.85
11.8
8.6
24.6
13.15
12.2
18.5
24.17
15.15
12.1
15.12
20
27.7
16.2
13.2
12.2
19.6
19.6
20.3

II
II
II
II
III
III
II
II
II
II
III
III
III
II
II
II
II
II
II
II

W
W
SW
SW
SW
S
S
S
S
S
N
N
N
N
N
N
W
W
NW
NW

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Height (m)

Site class

Exposure

Sample no

20.45
26.1
29.8
19.45
17.95
28.5
16.26
11.75
16.68
16.35
13.86
16
8.15
19.72
30.2
24.9
21.66
30.37

II
II
II
II
II
II
II
II
II
II
III
III
III
III
III
III
III
III

S
S
S
S
S
S
S
S
S
S
N
N
N
N
N
NW
NW
NW

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Height (m)

Site class

Exposure

Sample no

26.2
16.6
18.4
18.1
24.3
18.3
18.4
20.8
18.17
15.15
16
13.9
13.15
14.25
12.5
11.8
14.2
12.47
13.75
13.6

II
II
II
II
II
II
II
II
II
II
III
III
III
III
III
III
III
III
III
III

SW
SW
SW
SW
SW
SW
SW
SW
SW
SW
NW
NW
NW
NW
NW
NW
NW
NW
NW
NW

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
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DBH
(cm)
23
31
50
26
36
11
9
8
15
52
19
29
13
14
42
34
19
21
32

DBH
(cm)
42
34
44
32
25
28
34
56
44
35
42
58
15
36
31
24
10
13
DBH
(cm)
15
16
13
25
28
30
44
42
50
52
17
8
34
56
36
45
46
58
55
28

Height (m)

Site class

Exposure

10.5
16.65
30.85
17.3
21.4
8.3
8
7.7
11
29.25
13.5
19
6.17
7.2
26.7
24.2
15.8
15.1
19.75

III
III
III
III
III
III
II
II
II
II
II
III
III
III
I
I
I
I
II

W
NW
S
NW
N
S
S
S
S
SE
SE
SE
SE
SE
E
E
E
E
NE

Height (m)

Site class

Exposure

26.15
23.76
26.67
21.6
17.95
18.85
22.15
29.4
28.36
25.19
26.35
30.2
11.32
26.4
21.58
17.65
5.55
8.38

III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III

NW
W
W
W
W
N
N
N
N
N
N
N
N
SW
SW
SW
SW
SW

Height (m)

Site class

Exposure

11.9
12.3
9.1
19.55
20.3
20.7
28
29.6
29.8
32.25
14
6.75
21.67
32
27.45
30.3
29.28
25.8
30.9
21.5

III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III
III

NW
NW
NW
NW
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
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tions at both ends; the diameter of the root collar and the
height of the end piece were measured in order to determine
the stem volume using the Smalian’s formula. Each section
was weighed and 5-cm-thick stem samples were taken. All
samples were then labeled and preserved in plastic bags.
Stem, branch and needle samples were brought to the
laboratory, needles were separated from the shoots, bark
was separated from the wood, and fresh weights were determined. Samples were firstly air dried, and then ovendried at 65±3 °C until the weight was stabilized, and the
final dry weights were determined.

2.4 Checking the compliance of models

During the determination of the most appropriate functions, 6 different compliance measures were utilised. These
measures are as follows: coefficient of determination (R2), F
value, standard error of estimate (Se), mean deviation ( D ),
absolute mean deviation (

D ) and total error (TE (%). Av-

erage difference, average absolute difference, standard error,
total error and average absolute error values should be small,
and the coefficient of determination value should be large in
order to obtain a reliable model. However, a volume function
providing reliable results according to one or more of these
values may give inconsistent results according to other variables. In this situation, a “success range”, comprising of all
of the measured values should be prepared instead of the
compared bio-mass function according to measure values
[36]. All of these measures were taken into consideration in
the selection of appropriate models in this study.

2.2 Modelling the above-ground biomass values

The biomass and carbon contents of tree components,
such as the stem, branches, leaves, bark, coarse roots and
fine roots are generally estimated using different allometric
regression models, based on DBH or DBH and H [30-35].
The present study tested different models in determining
biomass and carbon amounts as a function of DBH or DBH
and H. Appropriate functions were chosen and used in the
estimation of biomass and sequestered carbon.

3. RESULTS

2.3 Measuring carbon concentrations

The models using the diameter at breast height (d1.3) as
an independent variable were tested, and those providing
the most appropriate results in accordance with compliance
measures were determined. Within the biomass equations,
the following units of measurement were used: oven dry
weight = kg, diameter at breast height (d) = cm, and tree

Dried samples were firstly weighed, divided into small
pieces, and then converted into powder as appropriate for
carbon analysis. Samples were dried again in order to prevent the effect of moisture, and carbon content was determined via a CN analyser.

TABLE 2 - Models using diameter at breast height (d1.3) as an independent variable and compliance measures.
Single-Tree Biomass Equations
Pinus brutia (Ten.)
S=-18.5158+(0.3299 . d1,30)
lnSB=-3.4553+(2.0537 . lnd1.30)
CB=-44.5162+(3.1467 . d1.30)
CBB =-22.9066+(8.833 . lnd1.30)
NB= 10.3599+(0.0143 . d21.30)
NBB=3.4972+(-0.0391 . d1.30)+(0.0012 . d21.30)
N =2.5704+(0.020 . d2 1.30)
TC =12.7791+(0.0917 . d2 1.30)
WT =-16.7957+(0.4921 . d2 1.30)
Pinus silvestris (L.)
S =-29.3855+(0.4035 . d21.30)
SB=-7.1523+(0.9525 . d1.30)
CB= -7.3202+(0.0446 . d21.30)
CBB = -0.6482+(0.0048 . d21.30)
NB =9.2742+(0.0079 . d21.30)
NBB = 1.6276+(0.013 . d1.30)
N =-10.6443+(1.0553 . d1.30)
TC =5.9773+(0.0739 . d21.30)
WT= -16.4154+(0.4909 . d21.30)
Pinus nigra (Arnold.)
lnS= -2.3378+(2.3074 . lnd1.30)
SB=-85.4624+(36.7215 . lnd1.30)
CB=-47.6935+(2.7684 . d1.30)
CBB = -0.1762+(0.0082 . d 21.30)
NB=13.869+(0.0054 . d21.30)
NBB =3.8933+(0.0008 . d 21.30)
N=-1.0982+(5.3496 . lnd1.30)
TC =12.9171+(0.0566 . d 21.30)
WT=-2.969+(0.4060 . d21.30)

D

R2

F

Se

TE(%)

D

0.94
0.85
0,78
0,54
0,41
0,04
0,79
0,88
0,976

564
214
88
29
26,1
0,79
136
260
1533

56
0,42
16
2,59
11,48
1,76
7,0
23
51

-0,0073
6,16
0,0023
-0,00012
-0,13
-0,021
0,108
-0,0053
0,00007

-0,017
2,10
0,0011
-8x10-6
-0,028
0,0007
0,019
-0,0044
0,00027

36,37
11,18
11,55
1,80
8,10
1,42
4,56
15,69
33,79

0,81
0,32
0,89
0,89
0,55
0,04
0,68
0,92
0,85

152
16
215
202
42
1,5
73
391
191

178
18,8
13
1,51
6,6
0,83
9,9
20,3
193

0,0068
0,0064
-0,052
-0,74
0,11
0,047
0,0061
-0,053
-0,0078

0,029
0,0014
-0,029
-0,04
0,021
0,0009
0,001
-0,04
-0,042

100,2
11,00
9,70
1,11
4,93
0,57
7,00
14,46
102

0,96
0,73
0,79
0,79
0,39
0,19
0,63
0,87
0,93

962
104
89
88
24
9,0
64
243
514

0,22
10,9
18,4
4,13
6,33
1,5
20,3
21
103

4,19
-0,0002
-0,00024
0,26
0,059
-0,290
-0,0018
-0,054
-0,011

12,47
-7,4x10-5
-0,00012
0,028
0,011
-0,013
-0,00011
-0,037
-0,046

54,03
7,52
12,21
2,80
5,04
1,29
1,57
13,05
59,93

f
1.22

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

1.05

19
20
21
22
23
24
25
26
27

(S: Stem, SB: Stem bark, CB: Commercial branch, CBB: Commercial branch bark, NB: Non-commercial branch, NBB: Non-commercial branch bark, N: Needle, TC: Total
crown, WT: Whole tree, f: correction factor)
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TABLE 3 - Models that use diameter at breast height (d1.3) and tree height (h) as independent variables and compliance measures.

Single-Tree Biomass Equations
Pinus brutia (Ten.)
lnS=-8.4943+(4.3701 . lnd1.30)+(-0.3099 . ln2d1.30)
+(2.0122 . lnh)+(-0.3521 . ln2h)
lnSB=0.2690+(0.0049 . lnd1.30)+(0.3396 . ln2d1.30)
+(-0.5355 . lnh)+(0.0971 . ln2h)
CB=2.2226+(0.8552 . d1.30)+(-2.9783 . h)
+(0.0129 . d1.302)+(0.1177 . h2)
CBB =1.4072+(0.1915 . d1.30)+(-0.6335 . h)
+(0.0038 . d1.302)+(0.0211 . h2)
NB=-39.2483+(8.2235 . d1.30)+(-9.3694 . h)
+(-0.1201 . d1.302)+(0.3589 . h2)
NBB=-4.3926+(0.9939 . d1.30)+(-0.9077 . h)
+(-0.0137 . d1.302)+(0.0311 . h2)
N=-17.0628+(1.7024 . d1.30)+(-0.1436 . d1.30 . h)
+(0.0023 . d1.302)+ (1.6375 . h)+(0.0019. d1.302 . h)
TC=9.6332+(5.6243 . d1.30)+(-8.9170 . h)
+(-0.0463 . d1.302)+(0.3672 . h2)
WT=-33.1492+(-6.8963 . d1.30)+(12.9051 . h)
+(0.6237 . d1.302)+(-0.3926 . h2)
Pinus silvestris (L.)
lnS=0.5511+(5.18181 . lnd)+(-0.5968 . ln2d)
+(-5.8317 . lnh)+(1.3079 . ln2h)
lnSB=-6.1099+(3.0555 . lnd)+(-0.2676 . ln2d)
+(0.835 . lnh)+(-0.0927 . ln2h)
CB= -107.4606+(0.6872 . d1.30)+(8.3881 . h)
+(0.0455 . d1.302)+(-0.2139 . h2)
CBB =-10.9238+(-0.0801 . d1.30)+(1.0678 . h)
+(0.0065 . d1.302)+(-0.0249 . h2)
NB=10.3865+(-2.8359 . d1.30)+(3.7344 . h)+(0.0391 . d1.302)
+ (-0.0551 . h2)
NBB=3.5829+(-0.2554 . d1.30)+(0.0956 . h)
+(0.0031 . d1.302)+(0.0042 . h2)
N=13.2274+(0.4919 . d1.30)+(-2.6691 . d1.30 . h)
+(0.0083 . d1.302)+(0.1221 . h2)
TC=7.492+(-0.9246 . d1.30)+(0.2247 . h)+(0.0697 . d1.302)
+ (0.057 . h2)
WT=379.882+(-13.9958 . d1.30)+(-47.4277 . h)
+(0.2502 . d1.302)+ (2.710 . h2)
Pinus nigra (Arnold.)
lnS=-5.388 +(1.0801 . lnd1.30)+(0.1223 . ln2h)
+(3.4241 . lnd1.30 . h)+(-0.4942 . ln . h2)
lnSB=-9.9029+(1.5768 . lnd1.30)+(-0.0835 . ln2d1.30)
+(6.3125 . lnh)+(-1.0249 . ln2h)
CB= -89.9595+(1.7906 . d1.30)+(5.8965 . h)
+(0.02185 . d1.302)+(-0.1581 . h2)
CBB = -23.423+(0.7409 . d1.30)+(1.318 . h)
+(0.0034 . d1.302)+(-0.0467 . h2)
NB=1.6831+(2.9196 . d1.30)+(-0.0434 . d1.30 . h)
+ (-0.0501 . d1.302)+(0.0016 . d1.302 . h)
NBB=5.0466+(0.1465 . d1.30)+(-0.0022 . d1.30 . h)
+(-0.003 . d1.302)+(0.0002 . d1.302 . h)
N=1.6027+(-0.2745 . d1.30)+(0.0029 . d1.30h)
+(0.0133 . d1.302)+( 0.2745 . h)+ (-0.0003 . d1.302 . h)
TC=9.8839+(-0.4785 . d1.30)+(0.0237 . d1.30 . h)
+(0.0875 . d1.302)+(-0.0012d1.302 . h)
lnWT=-0.5605+(0.5188 . lnd1.30)+(0.1811 . ln2d1.30)
+(1.329 . lnh)+(-0.1603 . ln2h)

D

R2

F

Se

TE(%)

D

0.97

238

0.25

4.96

11.83

35.8

1.07

28

0.86

53

0.42

11.21

3.84

11.25

1.22

29

0.45

6.94

11.6

-7.8x10-7

-1.6x10-7

7.73

_

30

0.10

0.99

2.21

-1.6x10-5

-5.6x10-7

1.54

_

31

0.85

31

14.34

-9.2x10-8

-4.8x10-8

9.25

32

-6

-7

1.73

33

f

0.57

7.19

2.67

-7.5x10

0.81

28

6.96

1.1x10-6

2x10-7

4.42

34

0.90

76

21.83

2.7x10-6

2.3x10-6

14.65

35

0.98

363

52.87

-5.5x10-8

-2x10-7

32.59

36

0.96

181

0.26

4.13

17.58

87.76

1.08

37

0.64

14

0.61

26.70

5.93

13.75

1.54

38

0.90

50

13.9

2.1x10-8

1.19x10-8

9.34

39

0.89

46.6

1.57

7.1x10-6

4.4 x10-7

1.05

40

0.65

15.1

6.02

-2.7x10-6

-5x10-6

4.09

41

0.55

42

-5

-5.2x10

-7

0.23

2.42

0.78

3 x10

0.73

21.6

9.48

-2.1x10-6

-4.4x10-7

6.26

43

0.92

93.8

20.83

3x10-8

2.7x10-8

13.91

44

0.89

64

170.8

8.3x10-8

-4.4x10-7

91.99

45

0.97

265

0.21

1.84

5.48

54.27

1.05

46

0.89

71.7

0.26

3.99

1.32

6.86

1.08

47

0.81

22.2

18.7

1.1x10-6

5.5 x10-7

11.89

48

0.85

30

3.68

6.9x10-6

7.6x10-7

2.47

49

0.50

8.60

5.99

-1.8x10-5

-3.5x10-6

5.22

50

0.29

3.51

1.53

0.00018

8.5x10-6

1.12

51

0.69

14.8

1.98

8.9x10-5

5.6x10-6

1.21

52

0.87

57.5

21.6

-5.1x10-6

-3.5x10-6

13.1

53

0.98

374

0.15

0.30

1.21

56.85

6.08 x10

1,02

54

height (h) = m. The models that were found to be appropriate (1,.., 27) are shown in Table 2.

that were considered to be appropriate (28,..54) are given
below (Table 3).

The models that use diameter at breast height (d1.3) and
tree height (h) as independent variables were tested, and
the models providing the most appropriate results according to compliance measures were determined. The models

3.1 Single Entry Volume Equations

A volume equation is required in order to model the relationship between standing stem volume, and biomass and
carbon storage capacities. For forestry practice in Turkey,
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standing stem volumes are determined on the basis of diameter at breast height. Therefore, the function of volume
was determined using this parameter. For this purpose, various models were checked according to compliance criteria, and the following models were adopted for P. brutia,
P. silvestris and P. nigra.
Vp.brutia =0.2285+(-0.0314d1.30)+(0.0013d1.30 2) (R2=0.98)
Vp.silvestris =0.0485+(-0.0139d1.30)+(0.001d1.30 2) (R2=0.98)
Vp.nigra =-0.0652+(-0.005d1.30)+(0.001d1.30 2) (R2=0.98)
V: Stem volume (m3)
d1.3: Diameter at breast height (cm)
3.2 Carbon concentrations of tree components

Carbon contents of tree components were determined
using samples from P. brutia, P. silvestris and P. nigra
sample trees. To produce usable carbon determination

samples, dried samples of all tree components from sample
trees were divided into small pieces, and then ground into
powder to be appropriate for carbon analysis.
Carbon content was determined via a CN analyzer as
the amount of C (%). Carbon contents of components are
shown in Table 4 as minimum, maximum and mean values.
3.3 The relationship between standing stem volume and biomass

Various models were tested in order to enable the determination of biomass amounts from standing stem volumes, and those yielding the best results with regard to
compliance criteria were identified. The models (55,...,81)
enabling the determination of biomass amounts from
standing stem volumes on single tree compliance criteria
for these models (Table 5) are given below.

TABLE 4 - Carbon concentrations of tree components.

Tree components
Stem wood
Stem bark
Commercial branch
Commercial branch bark
Non-commercial branch
Non-commercial branch bark
Needle

Pinus brutia
Min.
Max.
(%)
(%)
49.2
54.0
49.0
53.7
49,0
54,2
49,0
53,9
49,1
53,9
49,0
53,9
49,2
54,9

Pinus silvestris
Min.
Max.
(%)
(%)
49,3
54,9
49,2
53,9
48,0
54,2
47,2
53,8
49,4
54,5
46,5
53,9
49,3
55,4

Mean
(%)
51.5
50.8
51,6
50,3
51,4
50,2
52,1

Mean
(%)
51,8
51,2
52,3
50,7
52,1
50,3
52,6

Pinus nigra
Min.
Max.
(%)
(%)
49,2
52,9
50,2
53,0
49,2
53,1
49,3
52,6
48,5
52,9
49,0
52,3
50,7
53,3

Mean
(%)
51,7
51,9
51,5
51,5
51,8
51,4
52,3

TABLE 5 - Biomass models using the standing stem volume (V) as an independent variable and compliance measure.

Single-Tree Biomass Equations
Pinus brutia (Ten.)
S=57.7818+(383.2403 . V)
SB=1.0123+(70.1869 . V)
CB=20.0092+(49.6394 . V)
CBB=4.1292+(4.3392 . V)
NB=13.0006+(18.0850 . V)
NBB=2.9376+(1.1821 . V)
N=7.2879+(22.9944 . V)
TC=33.3869+(107.7994 . V)
WT=93.0500+(580.0232 . V)
Pinus silvestris (L.)
S=56.5122+(457.7575 . V)
SB=10.6333+(14.3936 . V)
CB=5.9767+(48.2800 . V)
CBB=0.7557+(5.2638 . V)
NB=10.9262+(8.9737 . V)
NBB=1.7679+(0.3224 . V)
N=8.2388+(16.9685 . V)
TC=21.9504+(83.6033 . V)
WT=89.0959+(555.7543 . V)
Pinus nigra (Arnold.)
S=24.2349+(347.1064 . V)
SB=18.7355+(18.3809 . V)
CB=7.4362+(36.8629 . V)
CBB=1.9020+(8.1201 . V)
NB=14.4833+(6.0093 . V)
NBB=3.9607+(0.9396 . V)
N=4.0037+(2.9248 . V)
TC=22.4316+(59.2768 . V)
WT=65.4021+(424.7642 . V)

R2

F

Se

TE(%)

D

0.87
0.79
0.71
0.45
0.44
0.09
0.72
0.83
0.93

249.0
142
60.8
20.4
30.6
3.5
93.9
183
515

82.4
19.9
18.76
2.83
11.09
2.14
8.06
27.03
86.82

3.8x10-9
-4.5 x10-9
-7.18 x10-9
-2.15 x10-9
1.3 x10-8
-1.3 x10-8
-1.02 x10-8
1.99x10-8
2.44x10-9

9.4x10-9
-1.5 x10-9
-0.19
-0.17
2.9x10-9
-4.5x10-10
-1.85x10-9
1.6x10-8
8.9x10-9

56.09
10.80
23.16
3.65
8.00
1.52
5.40
19.71
61.74

55
56
57
58
59
60
61
62
63

0.78
0.25
0.84
0.84
0.53
0.09
0.60
0.87
0.80

121
11.61
134
140
38
3.47
51.48
236
143

194
19.82
16.55
1.76
6.75
0.81
11.1
25.5
217

2.15 x10-9
2.6 x10-8
4.5x10-9
4.8 x10-9
7.08 x10-9
-3.3 x10-8
6.8 x10-9
-7.7 x10-9
-4.4x10-9

9.15 x10-9
5.9 x10-9
2.55x10-9
3.03x10-10
1.4x10-9
-6.79 x10-10
1.4x10-9
-6.9x10-9
-2.4 x10-8

105.98
12.40
11.61
1.39
4.80
0.57
7.79
17.18
121.84

64
65
66
67
68
69
70
71
72

0.89
0.58
0.74
0.72
0.43
0.22
0.59
0.84
0.90

309
52
67
62
28
11
55
196
344

107.42
13.82
20.55
4.72
6.12
1.53
2.13
23.06
124

9.66 x10-10
4.5 x10-9
9.10x10-9
-8.5 x10-10
-2.16 x10-8
-5.59 x10-9
1.68 x10-9
3.3 x10-9
9.02 x10-9

2.8x10-9
1.5 x10-9
4.2 x10-9
-9.06x10-11
-4.15 x10-9
-2.62x10-10
1.06x10-10
2.3x10-9
3.60 x10-8

59.73
10.57
14.19
3.06
4.94
1.25
1.73
15.29
69.29

73
74
75
76
77
78
79
80
81
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TABLE 6 - Carbon models using standing stem volume (V) as an independent variable and compliance measures.

Single-Tree Biomass Equations
Pinus brutia (Ten.)
S=29.9048+(197.8347 . V)
SB=0.7113+(35.3393 . V)
CB=10.3653+(25.6425 . V)
CBB=2.0325+(2.1736 . V)
NB=6.7163+(9.1833 . V)
NBB=1.4569+(0.6216 . V)
N=3.7178+(12.2857 . V)
TC=16.4610+(55.7939 . V)
WT=47.0772+(288.9679 . V)
Pinus silvestris (L.)
S=27.9402+(242.6708 . V)
SB=5.4422+(7.5990 . V)
CB=3.3046+(25.5085 . V)
CBB=0.3294+(2.7329 . V)
NB=5.6977+(4.8269 . V)
NBB=0.9007+(0.1727 . V)
N=4.4092+(8.9896 . V)
TC=10.0332+(44.6838V)
WT=43.4156+(294.954 . V)
Pinus nigra (Arnold.)
S=12.5653+(179.7419 . V)
SB=9.7183+(9.5302 . V)
CB=3.7947+(19.1095 . V)
CBB=0.9543+(4.2261 . V)
NB=7.4666+(3.1735 . V)
NBB=2.0383+(0.4859 . V)
N=2.1005+(1.5238 . V)
TC=9.5187+(30.2980 . V)
WT=33.8406+(220.0559 . V)

R2

F

Se

TE(%)

D

0.87
0.80
0.70
0.46
0.46
0.10
0.72
0.83
0.92

239
152
55.1
20
31
4.0
95
174
442

43.4
9.7
10.1
1.41
5.5
1.05
4.26
14.3
46.7

-3.3x10-5
-0.00037
-0.00025
-0.0019
-0.00056
-0.0055
-0.00038
4.4x10-6
-2.2x10-6

-4.2x10-5
-6.4 x10-5
-6.8x10-5
-6.6x10-5
-6.2x10-5
-9.6x10-5
-3.7x10-5
1.9x10-6
-4.1x10-6

30.0
5.41
6.66
0.96
4.04
0.76
2.85
10.31
33.3

82
83
84
85
86
87
88
89
90

0.77
0.39
0.83
0.85
0.53
0.09
0.59
0.86
0.80

119
21
120
142
37.71
3.24
48
218
140

104
7.61
8.93
0.91
3.67
0.42
6.04
14.2
116

-8.6 x10-6
-0,0007
-9x10-5
-0.0005
-0.0004
-0.0066
-0.00028
0.00012
9.8x10-5

-1.9 x10-5
-8.2 x10-5
-2.8x10-5
-2.8x10-5
-4.5x10-5
-6.91 x10-5
-3.3x10-5
5.7x10-5
0.00027

57.27
6.56
6.28
6.28
2.64
0.29
4.27
10.13
66.39

91
92
93
94
95
96
97
98
99

0.89
0.59
0.74
0.72
0.44
0.23
0.60
0.84
0.91

323
53
67
63
29
11
55.9
194
362

54.42
7.08
10.64
2.43
3.15
0.79
1.11
11.8
62.95

2.38 x10-5
-0.0003
-8.6x10-5
0.0011
0.00029
0.0001
-0.0007
0.00013
-2.17 x10-5

3.6 x10-5
-5.20 x10-5
-2.1 x10-5
6.2x102.91
3.6x10-6
-2.5x10-5
4.5x10-5
-4.5 x10-5

30.4
5.42
7.6
1.64
2.53
0.65
0.90
7.76
35.45

100
101
102
103
104
105
106
107
108

D

FIGURE 1 - Relations between standing stem volume (m3) and P. brutia tree components.
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FIGURE 2 - Relations between standing stem volume (m3) and P. sylvestris tree components.

FIGURE 3 - Relations between standing stem volume (m3) and P. nigra tree components.
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3.4 The relationship between standing stem volume and sequestered carbon

It is a significant requirement to determine the amount
of sequestered carbon from the standing stem volume.
Therefore, models that enable the determination of the
amount of sequestered carbon and considering the values
of standing stem volume were established. These models
(82,…,108) and relevant compliance criteria (Table 6) are
given below. Relations between standing stem volume and
tree components are shown in Figs. 1, 2 and 3.
4. DISCUSSION
The mass-based carbon concentration is widely used in
transforming the biomass into carbon storage values. While
the average carbon concentration within the body was 49.9
%± 1.3 (mean + SD) in 10 different studies of Zhang et al.
[37], it varied between 43.7% and 55.6% among the species.
This value varied between 46.3% and 55.2% in the study by
Lamlom and Savidge [38] covering 41 species. But the
general consensus is that the amount of carbon stored can
be found by multiplying the total dry weight of the tree by
0.5 [39]. The carbon-concentration of the stem wood in our
study was 51.5% for Pinus brutia, 51.7% for P. nigra, and
51.8% for P. sylvestris. While the carbon concentrations
were at minimum levels in non-commercial branch barks,
they were found to be at maximum levels in needle-leaves.

There may be approximately 5% difference between the
minimum and maximum values of carbon concentrations of
tree components having the same properties. When average
carbon concentrations are evaluated in general, it is observed
that these values are very close to general consent of 50%.
As seen in Fig. 4, the values obtained from stem volume–whole tree biomass equations for P. brutia and P. sylvestris were very close to each other. But the P. nigra equation was much lower than that of other 2 pine species. In
addition, there is a wider range of P. nigra values in comparison to the other 2 species.
It is possible to reach the aboveground whole-tree biomass values and stored carbon per hectare values from the
presented models by using standing stem volume per hectare as an independent variable. For example; for 2 m3
standing stem volume, the amounts of stored carbon are
473.95 kg in black pine, 633.32 kg in scotch pine, and
625.13 kg in red pine. While the relationship between
whole-tree biomass and stem volume in scotch pine and red
pine species were close to each other, it is observed that
black pine has lower values. As seen in Fig. 4, the black
pine results had a significantly wide range. The result of
the study provides a useful output for renewable energy investors and those with an interest in evaluating bi-products.
As a general assessment, while 81.28% of all the aboveground biomass is removed from the forest by harvesting,
18.72% is left in the forest.

FIGURE 4 - Stem volume-whole tree carbon relations of pine species.
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5. CONCLUSIONS
Exact and accurate determination of the carbon amount
stored in forest ecosystems and the changes in carbon levels
are gaining increasing importance, from both national and
international perspectives, in terms of carbon cycle and minimizing the effects of CO2 emissions [40, 6]. The calculations using BEFs give results that are approximately 17%
higher than those made with the models [41]. This situation
conflicts with the “exact and accurate determinability”
principle expected from the calculations. For this reason,
the development and use of regional models for determining carbon storage is of great importance. The data obtained from forest inventories and management plans is the
standing stem volume. For this reason, any regional models
must allow the estimation of aboveground and belowground biomass and carbon values, in addition to the proportion removed from the forest for commercial use or the
amount left in forest due to it having no commercial value.
It is better to execute separate studies for each of the
species in order to accurately determine the amounts of carbon stored in forests. As seen, the carbon concentrations
show variation depending on various tree species and tree
components.
In forestry practice within Turkey, the stand definitions are made based on tree species, tree diameter level,
and closure. The tree diameter levels termed “growth
stage”, cover a very wide range, and so, it is not possible to
utilize the biomass and carbon models based only on tree
diameter, or the diameter and height of the tree data in management plans. Further studies are, therefore, needed in this
regard. With this study, it is possible to accurately calculate
the aboveground biomass and stored carbon values by using standing stem volume values, which are the most useful
element in management plans, without any need for any
additional process.
Although the aboveground modeling has been made in
this study, the belowground carbon storage capacities
could not be investigated. The addition of the important information in a future study will add values, and allow an
important gap to be closed.
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ABSTRACT
In this study, the toxicity of the leachate from the municipal landfill was evaluated and assigned to its chemical
composition. Leachate samples were collected considering
different seasons and assessed for their toxicity by using
Thamnotox with Thamnocephalus platyurus, Daphtox
with Daphnia magna, Vibrio fischeri, Lemna minor, and
Lepidium sativum. Leachate samples were also characterized measuring their physical and chemical parameters.
Relationships between the chemical composition and the
toxicity of leachate samples were established. EC50 values
for Thamnotox, Lemna minor, and Lepidium sativum were
negatively correlated with the COD content. There were
significant correlations between the TOC with EC50 values
of Vibrio fischeri and Lemna minor tests. Vibrio fischeri
wasthe most sensitive test organism investigated for the
landfill leachate. Considering toxic unit values, leachate
samples were highly to very highly acute toxic, according
to all the tests carried out.

KEYWORDS:
Landfill, leachate, toxicity, bioassays

1. INTRODUCTION
Parallel to industrial development, an increase of industrial wastes and wastewaters occurred leading to problems of environmental pollution. Many industrial processes
produce high quantities of solid wastes and polluted wastewaters that are disposed off at landfill sites or discharged
into sewage systems. Finally, leachates from active and
closed municipal solid waste landfills or wastewater discharges get into surface water and groundwater. If these
effluents are contaminated with toxic compounds, damages
for living organisms and whole aquatic ecosystems will occur. In the past, the evaluation of the potential impact of
industrial products and their wastes released into the environment was only determined by chemical analyses. As far
* Corresponding author

As they were composed of known individual chemicals or
substance classes, they were determined by qualitative and
quantitative analyses, and the risk was then estimated either from the most toxic compound or by summing up the
toxicities of the compounds detected. But, due to the complexity of leachate and the high number of industrial chemicals that are possible contaminants likely causing toxicity
in leachates they are too numerous to be determined by routine analyses. It is recently admitted that in most cases “real
hazard” cannot be estimated only by chemical analyses.
Especially, phenomena as bioavailability and synergistic or
antagonistic effects of compounds can only be recognized
using biological test systems. Thus, methods for measuring
toxic effects – so-called “bioassays” - were developed and
integrated in monitoring procedures and legislative regulations. This is the only way to get an “integrated” answer to
the risk of multi-chemical mixtures and wastes. International institutions, such as American Public Health Association (APHA), the American Society for Testing and Materials (ASTM), the U.S. Army Corps of Engineers of Materials, the UK Ministry of Agriculture, Fisheries and Food
(MAFF), the Paris Commission (PARCOM), the Society
of Environmental Toxicology and Chemistry (SETAC),
and the Water Research Center (WRC) already developed
standard methods for toxicity testing in the beginning of
the 1980’s. The effects in the toxicity tests are measured in
terms of e.g. mortality, growth inhibition, or inhibition of
reproduction of certain test organisms, depending on the
time of exposure and the concentration or dilution.
As chemical parameters are not suited to detect toxicity, biological toxicity testing got a rapidly expanding
field, involving numerous bio-analytical techniques applied to organisms at different trophic levels. The broad
spectrum of tests ranges from micro-organism to higher organisms and plants. For the assessment of wastewater and
also industrial chemicals, fish (e.g. orfe, Leuciscus idus),
daphnia (e.g. Daphnia magna), algae (e.g. Scenedesmus
subspicatus) and luminescent bacteria (Vibrio fischeri) are
the most applied and broadly accepted test organisms [1,
2]. These tests are well standardized, but they can be performed only by experienced laboratories that are especially
equipped for biological work methods. And these methods
are very time-consuming and, accordingly, expensive with
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the exception of the test with luminescent bacteria that was
developed to a rapid and cost-effective and commonly accepted method in the meantime. The test time is only 30 min,
and bacteria are commercially available as freeze-dried organisms (Microtox®, Lumistox®). The advantage of the test
modification with freeze-dried bacteria is that time-consuming continuous culturing is not necessary any longer.
It is very important to determine quality and quantity
of leachate for monitoring and determining the long-term
effects of landfills to the environment. Landfill leachate is
a complex mixture of organic and inorganic components,
and with their site specificity, often the route of exposure
and toxicity are unknown. The purpose of this study was to
assess the toxicity of the leachate from the municipal landfill using a battery of bioassays and to establish a relationship between the physical-chemical properties and the toxicity of the leachate. Consequently, the benefit of the protection of water resources and aquatic ecosystems will be
performed.

2. MATERIALS AND METHODS
2.1. Landfill leachate

Konya is a historical city with about a million population
located in central Anatolia region in Turkey. 400,000 tons of
solid waste is produced each year. The problem of waste disposal is recognized as one of the most serious environmental problems in Konya. These wastes largely consist of
household waste, but also include some commercial and industrial wastes. There are strong national concerns about the
possible health impacts in the vicinity of municipal waste
landfills. Solid waste disposal site of Konya city is located
8 km away from the city center. The landfill has been receiving wastes from the city for thirty years. The landfill
covers an area of about 500,000 m2, and a new extension
area of 100,000 m2 to the landfill is established. Around the
landfill area, the ground water level is 2-2.5 m below surface. Landfill area was formerly a marsh land; however, the
area was dried with drainage channels before landfill was
established. The landfill receives in majority household

waste, but also some commercial and industrial wastes are
disposed of there. In the summer period, 850-900 tons of
solid wastes are collected daily, while in the winterperiod
950-1,100 tons of wastes are collected daily. Recyclable
household solid waste ratio is about 14%, wet waste ratio
is about 85%, and hazardous household waste ratio is about
0.3%. The leachate discharge of the landfill varies between
38 and 142 m3 day-1, with an average of 75 m3 day-1. Konya
landfill leachates were used to be discharged to the Keçeli
creek without any treatment [3]. In the course of this study,
leachate samples were collectedmonthly between February
and September 2007. About 1 L composite leachate sample
was collected from the discharge point to Keçeli creek,
placed in a stoppered brown bottle, and kept in the refrigerator at 4 °Cuntil analysis.
2.2. Physical and chemical properties of leachate samples

Analytical characterization of the leachate samples
was performed including pH, suspended solids (SS), electrical conductivity (EC), chemical oxygen demand (COD),
total organic carbon (TOC), dissolved oxygen (DO), and
toxic effects of different bioassays for leachate. COD and
TOC were measured with a Dr. Lange CADAS 200 UV
spectrophotometer and its ready kits. Suspended solids
were measured using the technique presented in the Standard Methods for the Examination of Water and Wastewater
[4], and pH was measured with a pH-meter Jenway 3010,
while EC was read with a Hach portable case conductivity
meter. DO was measured with a portable dissolved oxygen
meter (Hach Lange).
2.3. Bioassay tests

The selected test protocols are given in Table 1. For
the trophic level of producers, the aquatic plant Lemna minor (duck weed) and the terrestrial plant Lepidiumsativum
(garden cress) were chosen. The lumistox test using luminescent bacteria was used as representative for the decomposers, while as representatives for the consumers the crustacean Daphnia magna and Thamnocephalus platyurus
were selected. As toxic control, tests with potassium dichromate were performed for all of the test procedures. The

TABLE 1 - Key properties of test protocols.
Test
Aquatic tests
Lumistox
(Vibrio fischeri)
Thamnotox
(Thamnocephalus
platyurus)
Daphtox
(Daphnia magna)
Lemna test
(Lemna minor)
Terrestrial test
Plant test
(Lepidium sativum)

Trophic level

Group of
organisms/plants

Type
of test

Test
Test
duration criterion

Decomposer

Bacteria

Acute

30 min

Primary consumer

Crustaceans

Acute

24 h

Primary consumer

Crustaceans

Acute

48 h

Producer

Duckweed

Chronic

Producer

Garden cress

Chronic
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Test principles

Inhibition of Measurement of luminescence decrease
luminescence
Mortality
Counting of dead/live crustacean

7 day

Immobility/
Mortality
Growth rate

Counting of dead/live crustacean
Daily counting of frond number

3 day

Root length

Measurement of root length
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control tests were repeated regularly to check the correct
execution of the test procedures and the good physiological
conditions of the test organisms. The 24-h mortality of T.
platyurus and 48-h mortality of D. magna bioassays were
performed following the Standard Operational Procedures
of the respective tox-kit micro-biotests i.e. Daphtox kit
FTM, Thamnotox kit FTM, [5, 6], respectively. Luminescent
bacteria test with Vibrio fischeri was carried out according
to DIN/EN/ISO 11348-2 [7] (luminescent bacteria test
LCK 482) and measured with a Dr. Lange LUMIStox 300
lumino-meter. Toxicity was assessed by measuring the inhibition of the luminescence after 30 min of incubation at
15 °C, and the EC50 values and validation data were calculated according to DIN/EN/ISO 11348-2. The test with
L. minor was performed according to ISO 20079 [8]. The
7 days of growth of L. minor for the control and the different test solutions were calculated based on the values of
inhibition of L. minor by the test solutions. Garden cress
test with L. sativum was carried out according to Devare
and Bahadir [9, 10]. The root lengths were measured after
72-h exposure in controls and the test solutions, and calculated in comparison with each other.

cal properties detected were as follows: conductivity, 25.9–
38.8 mS cm-1; pH 6.51–8.51, and dissolved oxygen, 0.86–
0.98 mg L-1. Leachate pH was always neutral to slightly
alkaline, highly variable in suspended solids, COD, and the
TOC content. Especially, COD content was determined as
21,400 mg L-1 in February, while it increased up to 95,000 mg
L-1 in July. Leachate amount may have changed according
to various factors including water content of wastes, precipitation, run off waters, evaporation, and infiltration of
high ground water. Considering the discharge values of the
last 3 years, the minimum discharge was observed in February and March as about 35 m3 day-1, while the maximum
discharge value was observed in August and September as
about 130 m3 day-1. Increase in the leachate discharge values in August and September could be attributed to increased biological decomposition due to increased temperature and precipitation. In these months, SS, COD, and
TOC values also increased with increasing discharge,
while pH and EC were independent of the discharge
amount.
3.2. EC50/LC50 values of leachate samples

The results of EC50/LC50for different bioassays of the
leachate samples are shown in Table 3. EC50/LC50of K2Cr2O7
as control was observed as 0.91 mg L-1 for Daphtox with
D. magna, 0.08 mg L-1 for Thamnotox with T. platyurus,
5.09 mg L-1 for lumistox with V. fischeri, 18 mg L-1for L.
minor, and 14 mg L-1for L. sativum, which are within the
limits accepted by the ISO methods. According to their

3. RESULTS AND DISCUSSION
3.1. Physical and chemical properties of leachate samples

The results of physical-chemical analyses of the leachate samples are presented in Table 2. The physical-chemi-

TABLE 2 – Physico-chemical properties of the leachate.
Month

pH

February
March
April
May
June
July
August
September

8.50
7.80
8.51
7.56
6.51
6.98
6.75
6.89

COD
(mg L-1)
21,400
31,500
23,100
35,500
37,400
95,000
57,600
48,600

SS
(g L-1)
3.50
1.36
1.31
0.55
33.7
25.2
4.14
2.42

TOC
(mg L-1)
9170
44,900
10,500
11,200
13,060
13,900
12,600
9,180

EC
(mS cm-1)
25.9
28.7
32.1
31.5
29.8
29.6
31.8
38.8

DO
(mg L-1)
0.90
0.89
0.93
0.90
0.92
0.98
0.94
0.86

TABLE 3 - EC50/LC50 values of the leachate (%).
Leachate
February
March
April
May
June
July
August
September
K2Cr2O7
(mg L-1)
* not analyzed

2.00
1.39
1.84
2.95
*
*
*
*

1.66
0.78
1.54
2.62
*
*
*
*

Thamnocephalus
platurus
24 h LC50
1.12
1.16
1.12
1.09
*
*
0.91
0.36

1.50

0.91

0.08

Daphnia magna
24 h EC50
48 h EC50

Vibrio fischeri
30 min EC50

Lemna minor
7 day EC50

Lepidium sativum
72 h EC50

< 0.625
24.34
< 0.625
2.52
0.87
0.81
2.71
0.76

2.24
4.83
2.93
3.05
1.92
1.65
3.12
2.46

4.60
3.32
1.87
2.61
1.26
0.89
0.88
< 0.625

5.09

18.2

14.3
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responses in reference tests, order of the trophic levels is
the primary consumer, the decomposer, and the producer,
respectively.The lethal concentration values for T. platyurus
were between 0.36 and 1.16% (v/v) leachate concentrations
in pure water. EC50 values were found as follows: D.
magna, 1.39–2.95% (24 h); V. fischeri, < 0.625–24.34%;
L. minor, 1.65–4.83%, and L. sativum, 0.25–4.60%. For D.
magna, toxicity of all leachates increased with the exposure time from 24 to 48 h for the different leachate samples.
The toxicity of the landfill leachates of Konya city varied
from test to test. These differences might be associated
with the pollution load of the leachate and sensitivity of test
organisms.

There are significant correlations between TOC and EC50
values for V. fischeri and L. minor toxicity tests. EC50 was
strongly correlated with TOC (r = 0.98 and 0.80), which
suggests that an increase in the organic content generates
less toxic leachates for V. fischeri and L. minor toxicity
tests (= higher EC50 values). A significant negative correlation was observed between TOC and EC50 values at 24 h
and 48 h with Daphtox tests, with a correlation coefficient
between -0.63 and -0.85.An increase of pH values in
leachates decreases the toxicity for Thamnotox (r = 0.68)
and L. sativum (r = 0.61). A significant correlation was not
observed between other measured parameters with the
other organisms used.

It can be seen in Table 3 that landfill leachate revealed
a significant temporal and spatial variation in toxicity observed over the sampling period. Leachate, collected at
March, was the least toxic one during the study for V. fischeri, Thamnotox, L. minor, and L. sativum. The toxicity of
the subsequent leachate collected in April was significantly
increased for V. fischeri, while leachate collected in September was significantly toxic in Thamnotox and, L. sativum tests. Leachate collected in July was the most toxic
one for L. minor. For D. magna, the most toxic leachate
was obtained in March, while the least toxic leachate was
from May. These results show leachate samples taken in
different periods have different toxic effects on test organisms.Considering the mean values of EC50/LC50, the test
organisms can be ordered according to their responses to
leachates, V. fischeri is the most sensitive organism. L. sativum, Thamnotox, Daphtox, and L. minor follow V. fischeri, respective their sensitivities. Results revealed that each
test showed different sensitivity for different leachate characteristics.

Despite of the significant relationships presented between toxicity and some physical-chemical parameters of
leachates in this study, other variables derived from the
solid waste on the site can also be responsible for the observed effects on the test organisms. Organic pollutants can
contribute to the toxicity of landfill leachates. Some of the
most frequently found toxic organic compounds include
pesticides, PAHs, PCBs, phenols, phthalates, and organic
phosphates [15-19]. Toxicity of leachate might also depend
on the ammonia concentration. Leachate toxicity is considerably lower in sustainable landfills where the ammonia
concentrations had been reduced [20]. The presence of
high concentrations of heavy metals, in particular Hg, Co,
Fe, Cu, Zn, and Mn can also have toxic effects [21].

Tests with aquatic and terrestrial plants like L. minor,
Brassica rapa and L. sativum, being relatively quick and inexpensive, could be successfully appliedfor toxicity tests of
waste leachates with different sensitivity [9, 11]. Moreover,
it was shown that it is possible to recognize the success of
treatment processes of landfill leachates [9, 12]. Some test
were developed and/or applied for special matrices, e.g. using organisms with salt tolerance to determine the toxicity of
wastes, that are deposited in salt mines [10, 13].

Usually, chemical analyses are performed parallel to
the toxicity tests, as toxicological responses do not provide
indications for the specific cause of toxicity. But, only in
some cases, a correlation is found. For example, Huber et
al. [22] could not figure out the correlation between bioanalytical results and parameters, such as ammonia, oilgrease, and BOD in order to determine the toxicity of refinery wastewater. In analyses of waste elutriates, Hauser
et al. [23] did not find correlation of eco-toxicological effects with single contaminants and supposed that the effects are produced by interaction of all inorganic and organic contaminants. In some cases, even though the effluent did not reach the chemical specific discharge limits, the
results of bio-tests showed potential toxicity [24].
3.4. Toxic Units (TU)

3.3. Correlations between the toxicity tests and physicalchemical parameters

Regression analyses were performed in order to obtain
a correlation between toxicity and physical-chemical properties of the landfill leachate samples. Although no significant correlation between COD and the toxicity for V. fischeri and D. magna was found, negative correlation was observed between inhibition values for Thamnotox (r =
-0.63), Lemna minor (r = -0.40) and Lepidium sativum (r =
-0.52) as well as COD. This situation might indicate that
the substances responsible for the toxic effects might require formation of complexes with organic matter, or alternatively, some organic compounds are inducing toxicity.
Similar results were observed by Olivero-Verbel et al. [14].

Toxic
( TU   1



Unit

is

calculated

from

the

equation

 x100 ) using EC50/LC50 ratio in
EC 50 / LC 50 

order to determine a number that reveals the relationship
between toxic effects and the test system used. According
to the acute toxicity classification system reported by Persooneet al. [25], toxicity unit is divided into 5 classes.
Class I (TU = 0) represents no acute toxicity while class II
(0 < TU < 1) represents slightly acute toxicity. TU values
between 1 and 10 are described as class III, which means
acute toxicity. TU values between 10 and 100 are called
class IV that represents high acute toxicity, while TU values ≥ 100 called class V represent very high acute toxicity.
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The values of toxic units of different bioassays of leachate
samples are shown in Table 4. Considering the toxic unit
classification results of V. fischeri bioassay show that
leachate samples taken in May were highly acute toxic (10100 TU), and the samples taken in other months had very
high acute toxicity (≥ 100 TU).Comparing the results obtained with leachate of different months, it can be concluded that leachates from April and February exhibited the
highest toxicity values (TU > 160, very high acute toxicity)
in the V. fischeri bioassay, while leachates from March exhibited the highest toxicity values (TU = 277, very high
acute toxicity) for T. platurus test. Results of D. magna immobilization bioassay showed that samples taken in March

are very highly acute toxic (≥100 TU), while the samples of
other months were “just” highly acute toxic (10-100 TU).
Results of L. minor revealed that all sample TU’s were between 21 and 61, and hence, they were highly acute toxic
(10-100 TU). According to the results of L. sativum phytotoxicity tests, leachate samples taken between February
and June were highly acute toxic (10-100 TU), while samples taken in other months were very highly acute toxic (≥
100 TU). Therefore, it could be concluded that the landfill
leachate from Konya poses considerable risks to aquatic
animals and plants life. Discharging of leachate to the
Keçeli creek without any treatment is increasing this risk.

TABLE 4 - Toxic unit values of the leachate.
Daphnia magna
February
March
April
May
June
July
August
September
* not analyzed

60
128
65
38
*
*
*
*

Thamnocephalus
platurus
89
86
89
92
*
*
110
277

Vibrio fischeri

Lemna minor

Lepidium sativum

>160
4.1
>160
40
115
123
37
132

45
21
34
33
52
61
32
41

22
30
53
38
79
112
114
>160
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into the receiving environment.

The Scientific and Technical Research Council Center
of Turkey (TUBITAK) and International Bureau of the
German Ministry or Education and Research at DLR Bonn
(BMBF-IB) supported this work which we gratefully
acknowledge (Project no: 104 I 136).

3588

The authors have declared no conflict of interest.

REFERENCES
[1]

DEV (1990) German standard methods for investigation of
water, wastewater and sludge, part 11, tests with water organisms (in German).

[2]

OECD: Guidelines for Testing of Chemicals, Available from:
http://pharmacos.eudra.org/F3/cosmetic/doc/AnTest/(6)Appendixes/Appendix, IV.pdf

[3]

Konya Metropolitan Municipality, www.konyabed.tr, 2014.

[4]

APHA/AWWA/WPCF (2005) In: Clesceri LS, Greenberg AE,
Eaton AD, editors. Standard methods for the examination of
water and wastewater, 21th Edition Washington DC.

[5]

Standard Operational Procedure (2006) Daphtoxkit FTM
magna, Crustacean Toxicity Screening Test for Freshwater,
Nazareth, Belgium.

[6]

Standard Operational Procedure (2006) ThamnotoxkitFTM,
Crustacean Toxicity Screening Test for Freshwater, Nazareth,
Belgium.

© by PSP Volume 24 – No 11. 2015

Fresenius Environmental Bulletin

[7]

EN ISO 11348-2 (1998) Water Quality – Determination of the
inhibitory effect of water samples on the light emissions of
Vibrio fischeri (Luminescent bacteria test) – Part 2: Method
using liquid-dried bacteria.

[8]

ISO 20079 (2006) Water Quality – Determination of the toxic
effect of water constituents and waste water on Duckweed
(Lemna minor) – Duckweed growth inhibition test.

[9]

Devare, M. and Bahadir, M. (1994) Biological monitoring of
landfill leachate using plants and luminescent bacteria. Chemosphere 28, 261-267.

[24] Sponza, D.T. (2002) Incorporation of toxicity tests into the
Turkish industrial discharge monitoring systems. Arch. Environ. Contam. andToxicol. 43, 186-197.
[25] Persoone, G., Marsalek, B., Blinova, I., Torokne, A., Zarina,
D., Manusadzianas, L., Nalecz-Jawecki, G., Tofan, L., Stepanova, N., Tothova, L. and Kolar, B. (2003) A practical and
user-friendly toxicity classification system with microbiotests
for natural waters and wastewaters, Environ. Toxicol., 18 (6),
395-402.

[10] Devare, M. and Bahadir, M. (1994) Ecotoxicological assessment of inorganic waste disposal in salt mines. Part II: Phytotoxicity tests. Fresenius Environ. Bull. 3, 119-126.
[11] Wundram, M., Selmar, D. and Bahadir, M. (1997) Representative evaluation of phytotoxicity - reliability and peculiarities.
J. Appl. Bot. 71, 139-143.
[12] Liedtke, S., Kreuzig, M. and Bahadir, M. (1997) Leachates
from mechanical-biological treatment of wastes, application of
biotests for characterization of the matrix. AbfallwirtschaftsJournal 9/97, 32-36 (in German).
[13] Wundram, M., Selmar, D. and Bahadir, M. (1996) The Chlamydomonas Test – A new phytotoxicity test based on the inhibition of algal photosynthesis enables the assessment of hazardous leachates from waste disposal in salt mines. Chemosphere 32, 1623-1631.
[14] Olivero-Verbel, J., Padilla-Bottet, C. and Dela Rosa, O. (2008)
Relationships between physicochemical parameters and the
toxicity of leachates from a municipal solid waste landfill,
Ecotox. Environ. Safe. 70, 294-299.
[15] Bras, I., Santos, L. and Alves, A. (2000) Monitoring organochlorine pesticides from landfill leachates by gas chromatography-electron-capture-detection after solid-phase microextraction, J. Chomatogr. A.891, 305-311.
[16] Mor, S., Ravindra K, Dahiya, R.P. and Chandra, A. (2006)
Leachate characterization and assessment of groundwater pollution near municipal solid waste landfill site, Environ. Monit.
Asses. 118, 435-456.
[17] Marttinen, S.K., Kettunen, R.H. and Rintala, J.A. (2003) Occurrence and removal of organic pollutants in sewages and
landfill leachates, Sci. Total Environ. 301, 1-12.
[18] Thorneby, L., Mathiasson, L., Martensson, L. and Hogland
,W. (2006) The performance of a natural treatment system for
landfill leachate with special emphasis on the fate of organic
pollutants. Waste Manag. Res. 24, 183-194.
[19] Coors, A., Jones, P.D., Giesy, J.P. and Ratte, H.T. (2003) Removal of estrogenic activity from municipal waste landfill
leachate assessed with a bioassay based on reporter gene expression, Environ. Sci. Technol. 37, 3430-2334.

Received: February 20, 2015
Accepted: March 26, 2015

[20] Pivato, A. and Gaspari, L. (2006) Acute toxicity test of leachates from traditional and sustainable landfills using bacteria,
Waste Manage. 26,1148-1155.

CORRESPONDING AUTHOR

[21] Atwater, J.W., Jaspes, S., Mavinic, D.S. and Koc, F.A. (1983)
Experiments using Daphnia to measure landfill leachate toxicity, Water Res. 17: 12, 1855-1861.
[22] Huber, L., Baumung, H., Metzner, G. and Popp, W. (1979)
Ecological Effects of Refinery Effluents in Fresh Water with
Particular Reference to Substances on list 1 of The EEC
Guidelines for Water Protection. In: The Environmental Impact of .Refinery Effluents, CONCAWE Report no 5/79.
[23] Hauser, B., Schrader, G., Bahadir, M. (1997) Comparison of
acute toxicity and genotoxic concentrations of single compounds and waste elutriates using Microtox/Mutatox test system. Ecotox. Environ. Safety 38, 227-231.

3589

Senar Aydin
Necmettin Erbakan University
Department of Environmental Engineering
Campus
Konya
TURKEY
E-mail: sozcan@konya.edu.tr
FEB/ Vol 24/ No 11/ 2015 – pages 3584 - 3589

© by PSP Volume 24 – No 11. 2015

Fresenius Environmental Bulletin

WATER QUALITY AND POTENTIAL HEALTH RISK
ASSESSMENT FOR CONSUMPTION OF Oreochromis niloticus
FROM EL-BAHR EL-PHARAONY DRAIN, EGYPT
Mohamed E. Goher1,*, Mohamed H. Abdo1, Ahmed H. Mangood2 and Manar M. Hussein1
1

Chemistry Laboratory, Fresh Water and Lakes Division, National Institute of Oceanography, Fisheries (NIOF), Cairo, Egypt.
2
Chemistry Department, Faculty of Science, Menoufia University, Menoufia, Egypt.

ABSTRACT
El-Bahr El-Pharaony Drain is a crucial source of irrigation water and fisheries in Menoufia Governorate of
Egypt. According to the results demonstrated by the present study, its water may be suitable for irrigation; yet it is
an inappropriate habitat for aquatic life, and the water quality is categorized as fair (WQI=67) and marginal (WQI=
46), respectively. The human health risk of metal exposure
through Oreochromis niloticus (major fish species consumed from the drain) was assessed. Liver tissue of O. niloticus displays the highest accumulation potential for Fe,
Mn, Zn, Ni, Cu, Co, Pb and Cd, while muscles and gonads
have a poor accumulation capacity. HQ values delineates
that individual metals (except cobalt) in Oreochromis niloticus do not pose any particular concern to human health
risk. Hazard Index value (HI=4.72) based on combined
heavy metals accumulation indicates a possible moderate
risk status. The present study recommends a rapid and periodically Nile water discharge into the drain via El-Rayah
El-Menoufy to improve the water quality and prevent the
continued water deterioration of El-Bahr El-Pharaony
Drain, in addition to a continuous monitoring and awareness creation to avoid possible human health risk for fish
consumption patterns in communities around the drain to
alleviate an impending public health disaster.

KEYWORDS: Bioaccumulation factor, Egypt, El-Bahr El-Pharaony
Drain, hazard index, Oreochromis niloticus, water quality index

1. INTRODUCTION
Water quality now is the concern of all countries
around the world. The decision of WHO’s 29th session emphasized that the water delivered to the consumer should
meet the high requirements of modern hygiene, and should
at least be free from pathogenic organisms and toxic substances [1].
* Corresponding author

The Nile is the longest river in the world, extending for
approximately 6828 km, from its most remote source in the
East African Plateau to the Mediterranean Sea. The Nile
provides Egypt with 95% of the total needs of water; which
represents 55.5 billion m3 per year according to the agreement between Egypt and Sudan “on the full utilization of
the Nile waters” in 1959 [2]. However, the Nile has become, to a great extent, adversely affected by human activities. The population growth and the expansion of industrial,
agricultural, commercial and recreational activities that exploit natural resources, including water, in addition to the industrial waste discharge, leakage of sewage by urban agglomeration and agricultural runoff contribute to the Nile
contamination. Therefore, the issue of Nile pollution should
be on the top of the Government's environmental agenda.
El-Bahr El-Pharaony Drain is a closed water body. In the
past, it linked Damietta with Rosetta, the two branches of the
Nile River, at a length of about 32 km, 100-300 m width, 37 meter depth, and a total area of approximately 2500 feddans. El-Bahr El-Pharaony Drain at Menoufia Governorate
has a historical and economic importance. It was connected
with the Nile River and, currently, it became closed as a result of several filling ups of some parts of it in order to be
used as roads or to be cultivated. It receives untreated domestic sewage from numerous towns and villages, in addition to
the agricultural wastes (salts, nutrients and pesticides) which
had a significant impact on ambient water quality and the lack
of fisheries [3]. The annual fish production of El-Bahr ElPharaony Drain is 2675 tons, and the common fish species
are tilapia and carp. The level of pollution in El-Bahr El-Pharaony Drain is increasing day by day due to the non-availability of a proper drainage system for industrial units and housing societies established along its bank. The ever-growing
level of pollution in it is posing serious threats to human
health besides making the water harmful for irrigation and
fishery purposes. El-Bahr El-Pharaony Drain is very important economically in fishing and agriculture; so, it is recommended to treat the different wastes before being discharged to the aquatic environment and to mitigate pollution
from this water. Due to the ecological and economic importance of El-Bahr El-Pharaony Drain, many authors were
interested in its environmental status [3-5].
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Metal pollution in water-bodies is one of the global issues. Heavy metals are regarded as serious pollution of the
aquatic ecosystem because of their environmental persistence [6], not like organic pollutants that may lose toxicity
with biodegradation [7]. Heavy metals in the aquatic ecosystem do not simply flow downstream; rather they are mixed
with other compounds, and are either accumulated in aquatic
organisms or settled into the bottom sediment. Aquatic organisms may acquire a heavy metal burden directly from the
water via gills or the food-chain mechanism. Fish have been
found to be good indicators of the heavy metal contamination levels in aquatic systems because they maintain different trophic levels. Recently, the international monitoring
programs have been established to monitor the health of the
aquatic ecosystem, to assess the health risk assessment for
human through fish consumption, and to measure the adverse effect to public health [8].
The main objective of the current study is to evaluate the
water quality status of El-Bahr El-Pharaony Drain as a
source of irrigation water and fisheries, in addition to determining the distribution pattern and the accumulation of the
heavy metal concentrations (Cd, Cr, Co, Cu, Fe, Mn, Ni, Pb
and Zn) in the water and tissues of O. niloticus, and also to
assess the human health risk due to O. niloticus eating.

2. MATERIALS AND METHODS
2.1. Study area

El-Bahr El-Pharaony Drain can be divided into 4 parts
which have their limits and clear milestones as follows [3]:

1 - The first part is located between the Damietta
branch and El-Rayah El-Menoufy: this part consists of
3 pools or tanks called Kettamiah tanks, and each one has
a different space from the other (73, 93 and 110 acres).
2 - The second part, which extends from El-Rayah ElMenoufy to Fisha El-Kobra Bridge, which links the village
of Kafr Fisha with Fisha El- Kobra village, is about 13 km
long.
3 - The third part from Fisha El-Kobra Bridge to
Menouf City is about 6 km in length. This part is exposed
to encroachment and sharp filling-up operations by the
government represented in Menouf City Council.
4 - The fourth part extends from Menouf City to the
downstream in Rosetta Branch at Nader village. It is about
13.5 km in length.
2.2. Sampling locations

Seven stations were selected along EL-Bahr EL-Pharaony Drain extension (Fig. 1). Water samples were collected seasonally from spring 2013 to winter 2014 by a polyvinyl chloride Van Dorn bottle (2 L) and Ekman grab, respectively, and kept in an icebox on the spot. For DO and
BOD determination, the samples were filled carefully in
glass stopper oxygen bottles with 300 ml capacity. The
samples of DO were fixed immediately by MnSO4 and alkaline KI while the bottles of BOD samples were kept far
from the light and incubated at 20 oC. Details of the sampling locations with their longitude and latitude are presented in Table 1.

FIGURE 1 - Map of El-Bahr El-Pharaony Drain indicating the sampling locations.
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TABLE 1 - Details, longitude and latitude of the sampling locations.
Station

Features of station

Latitude& longitude

1

1 km downstream the drain entrance

N:30º 22` 37"; E: 31º 01` 37.2"

2

at Kafr El Khadra

N:30º 22` 22.4"; E: 31º 00` 34.7"

3

at Telwana village- a small road branched from the main road (Elbagour Centre)

N:30º 22` 27"; E: 30º 59` 47"

4

N:30º 23` 31.4"; E: 30º 58` 23.8"

5

at Heet village–three km far from the previous station.
at Menouf city entrance

6

2 km before the drain end

N:30º 26` 27.7"; E: 30º 56` 18"

7

at the rubbish dump (end of the drain)

N:30º 27` 01.1"; E: 30º 56` 05.2"

2.3. Water Analysis

Water temperature, electrical conductivity and pH
value were measured in situ, using the Hydrolab model
(Multi Set 430i 126 WTW). The transparency was measured using the Secchi-disk (diameter 30 cm).
Water samples were kept in 2-L polyethylene bottles
in an ice box and analyzed in the laboratory. The methods
of analyses were discussed in the American Public Health
Association [9]. TS (total solids) were measured by evaporating a known volume of well-mixed sample at 105 °C.
TDS was determined by filtering a known volume of sample by (GF/C) and evaporating it at 180 °C. TSS was directly obtained by (TS–TDS). Dissolved oxygen (DO) was
measured by using the modified Winkler method. Biochemical oxygen demand (BOD) was determined by using
the 5-day method. Chemical oxygen demand (COD) was
analyzed using the potassium permanganate method. Water alkalinity (carbonate and bicarbonate) was determined
immediately after sample collection using phenolphthalein
and methyl orange as indicators. Chloride was measured
using the Mohr’s method and sulphate by turbidimetric
methods. Calcium and magnesium were determined by direct titration using EDTA solution, Na+ and K+ were measured directly using the flame photometer model ‘‘Jenway
PFP, U.K.’’. Concentrations of NO2-N, NO3-N, NH4-N,
PO4-P and SiO4 were determined using colorimetric techniques with the formation of reddish purple azo-dye, copper-hydrazine sulphate reduction, phenate, ascorbic acid
molybdate and molybdosilicate methods, respectively. Total phosphorus (TP) was measured as reactive phosphate
after persulfate digestion. Heavy metals were measured after digestion by conc. HNO3 using the GBC atomic absorption reader model Savant AA-AAS with GF 5000 graphite
furnace.
2.4. Fish analysis

Samples of the common fish in Egypt (Oreochromis
niloticus) were collected seasonally from different sites
along El-Bahr El-Pharaony Drain. 20 fish were randomly
collected and transported in ice-packed coolers to the laboratory. The collected fishes were washed with deionized
water, kept in cleaned plastic bags and stored frozen until
analysis was carried out. The fish muscles, gills, kidney,
liver, and gonads were carefully removed with a plastic
knife. Composite samples for each tissue (2.0 g each) were

N:30º 22` 54.5"; E: 30º 57` 58.5"

digested according to [10]. A 10-ml portion of freshly prepared 1:1 HNO3-HClO3 was added to each sample, covered
with a watch glass, and the content was heated for 1 h on a
hot plate in a fume cupboard at 160 °C until the solution was
clear. After cooling, the digests were completed to 25 ml deionized water, filtered and transferred to plastic bottles.
Sample blanks were carried out through the whole digestion processes. The resulting solutions were analyzed using
the GBC atomic absorption reader model Savant AA AAS
with GF 5000 graphite furnace. The results are expressed
as mg/kg wet weight of fish samples.
2.5. Statistics

Two-way ANOVA analysis, followed by a post-hoc
comparison using Tukey’s test, was applied to identify significant differences in all parameters among sites and sampling time for water samples, as well as in metals among
organs. Significance levels of tests were taken as p<0.05
and highly significant as p<0.01. ANOVA tests were undertaken using the Excel-Stat software. Pearson's correlation analysis was performed to evaluate potential relationships between the different variables.

3. RESULTS AND DISCUSSION
3.1. Water

The mean values, standard deviations and ranges of the
obtained results are presented in Table 2. Temperature
plays an important role in the aquatic ecosystem health and
affects the speed of chemical reactions, the metabolic rate
of organisms, as well as how pollutants, parasites and other
pathogens interact with aquatic residents. Water temperature is affected by air temperature, storm-water runoff,
groundwater inflows, turbidity, and exposure to sunlight.
Water temperature varied depending on the mean daily
number of sunshine hours and sampling time. ANOVA results show highly temporal significant differences (p<0.01)
in water temperature. It changed in an ordinary range of
15.2 and 32 °C with highest values during summer. Temperature is positively correlated (n= 28, p < 0.05) with
BOD (r =0.39), Na (0.40), K (0.44), Cr (0.41) and Ni (0.43)
but it is negatively correlated (n= 28, p < 0.05) with Ca
(-0.47), No3 (- 0.40), Mg (r = -0.48, p < 0.01), Cl (r =
- 0.53, p < 0.01) and Co (r =- 0.64, p < 0.01).
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The Secchi disc transparency is a function of the absorption characteristics both of the water and its dissolved
and particulate matter. El-Bahr El-Pharaony Drain was characterized with turbid water due to the domestic sewage and
industrial effluents. Transparency fluctuated between 10 and
65 cm. The minimum value of transparency was recorded at
station 7 during spring due to garbage dump and drains of
Menouf Water Purification Company. Transparency is negatively correlated (n =28, p< 0.01) with COD (r = - 0.49),
NH3 (r = - 0.49), Fe (r =- 0.57), Mn (r = - 0.52), Cu (r =- 0.57)
and Cr (r = - 0.43, p< 0.05).
EC showed a highly spatial significant difference
(p<0.01) and fluctuated between (1440-2060 μs/cm); the
highest value was recorded at station 5 during winter, which
may be due to domestic sewage, agricultural waste and

effluents of a cheese factory which throws its residues containing chemicals and antiseptics. EC is positively correlated (n =28, p< 0.01) with TS (r = 0.76), TDS (r = 0.97),
pH (r = 0.53) and Mg (r = 0.53). TS, TDS and TSS varied
in the ranges of (1090.56-1604.77, 955.04-1416, 37.88366.57 mg/L) respectively, TS and TDS showed a highly
spatial significant difference (p<0.01); on the other side,
TSS showed a highly significant difference between the
different seasons (p<0.01). TDS values exceeded the limits
of Egyptian Governmental Law No. 48 (1982). pH values
were in the alkaline side (7.85-8.66) with spatial significant
difference (p<0.05). There is a positive correlation (n= 28,
p<0.01) between pH and DO (r = 0.53), EC (r = 0.53), TDS
(r = 0.55), and with BOD (r = 0.39, p<0.05), and negative
correlation between pH and HCO3-1 (r = -0.41, p<0.05) and
Ca (r = -0.53, p<0.01). The negative correlation between

TABLE 2 - Means ± SD of the water parameters and range of water parameters compared to guidelines values.
Parameter
o

Temp C
Trans cm
EC μs/cm
TDS mg/l
TSS mg/l
TS mg/l
pH
DO mg/l
BOD mg/l
COD mg/l
Alk mg/l
CO3 mg/l
HCO3 mg/l
Cl mg/l
SO4 mg/l
Har mg/l
Ca mg/l
Mg mg/l
Na mg/l
SAR
K mg/l
NO3-N µg/l
NO2-N µg/l
NH4-N µg/l
PO4-P µg/l
TP µg/l
SiO4 mg/l
Cd µg/l
Co µg/l
Cr µg/l
Cu µg/l
Fe mg/l
Mn µg/l
Ni µg/l
Pb µg/l
Zn µg/l
Fecal coliform**CFU/100ml
* [6], ** [4].

Mean ± SD

Range

23.7 ± 5.84
35. 54 ± 10.03
1789 ± 165.01
1202 ± 123.61
114 ± 86.93
1316 ± 147.93
8.37 ± 0.1995
8.64 ± 2.39
6.39 ± 2.49
5.44 ± 1.61
482 ± 52.74
31 ± 15.36
380.28 ± 109.48
186.69 ± 39.82
177.92 ± 55.44
224 ± 97.09
33.29 ± 10.67
80.74 ± 15.46
114.26 ± 9.87
1.29 ± 0.16
19.94 ± 3.33
823.20 ± 715.30
72.57 ± 81.36
871.76 ± 1634.92
30.5 ± 17.49
201.13 ± 231.04
15.11 ± 5.79
1.44 ± 1.27
29.29 ± 13.70
20.09 ± 17.10
2.29 ± 2.70
344.83 ± 526.55
68.34 ± 131.72
17.34 ± 8.17
12.09 ± 7.95
32.6 ± 58.92
513.6 ± 397.28

15.20-32
10-65
1440-2060
955-1416
38-367
1091-1605
7.85-8.66
4.42—15.61
1-83-14.09
2.09-8.71
378.50-593
0.0-59.40
179.04-594.14
94.65-245.31
62.05-298.29
126.80-404
17.23-67.17
46.99-110.17
92.92-136.64
0.57-1.44
18.17-27.19
29.52-2448.38
0-401.53
102.71-8746.50
5.50-86.51
30.47-1107.49
5.13-26.61
0.0-7
4.20-49.1
1-60.8
0-13.6
57.60-2780.60
1.60-720
0.0-33
.20-31.80
3-222
76-1890
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Irrigation*

aquatic live*
8-28

3000
2000

8.5

500
25
6.5-9
5.5
7
> 20

3
610
1063
960
400
60
919
15
2
10000
5000
2000

10
50
0.1
200
5000
200
200
200
2000
1000

120

2930
60
1370

1
0.05
4
300
50
25
7
50
1000
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pH and the studied heavy metals (n= 28, p<0.05) pH/Mn (r
= - 0.46) and pH/Pb (r = - 0.39) explained the precipitation
of metals at high pH values.
DO, BOD and COD varied in the ranges of 4.42-15.61,
1.83-14.09 and 2.09-19.06 mg/L, with remarkable local
variations (p<0.05) for DO and BOD. The highest values
of DO concentrations recorded during spring may be attributed to flourishing of phyto-plankton and the increase
of photosynthetic activity, where the photosynthetic process was regarded as the main source of oxygen in the
aquatic environment. On the other hand, the highest values
of biochemical oxygen demand were recorded during the
hot seasons (summer and spring) due to the high bacterial
load in the water and higher rate of decomposition of organic matter at higher temperature and less water current.
Generally, the organic matter is discharged into the water
from domestic sewage, agricultural runoff, effluents of
cheese factory, and drains of fish farms.
CO3-2 and HCO3-1 varied in the ranges of 0.0-59.40 and
179.04-594.14 mg/L, respectively, with a highly temporal
significant difference (p<0.01). Alkalinity increased with
increasing levels of pollution. The highest concentrations
of CO3-2 and HCO3-1 (59.40 and 594.14 mg/L) were recorded at station 2 during autumn and winter, respectively.
Chloride and sulphate were in the ranges of 94.65-245.31
and 62.05-298.29 mg/L, respectively, with highly significant difference between seasons (p<0.01). Chloride is positively correlated (n= 28) with Co (r = 0.51, p<0.01), while
sulphate is positively correlated (n= 28) with Cd (r = 0.41,
p<0.05).
Ca and Ma values ranged between 17.23-67.17 and
46.99-110.17 mg/L, respectively, with highly seasonal variations (p<0.01) for Mg and (p<0.05) for Ca. The lowest
concentration of calcium during summer may be due to the
adsorption onto clay minerals and deposition to the bottom
by temperature elevation. This result was found in good
agreement with Goher et al. [6] for evaluating the water
quality of Ismailia canal in Egypt. Sodium and potassium
values fluctuated between 92.92-136.64 and 14.40-27.19
mg/L, respectively, with highly temporal significant difference (p<0.01) for sodium and potassium, respectively.
The basic nutrient salts show a highly seasonal significant difference (p<0.01), except for ammonia. Ammonia,
nitrite, nitrate, orthophosphate, total phosphorus and silicate changed in the ranges of 102.71-8746.50, 0-401.53,
29.52-2448.38, 5.50-86.51, 30.47-1107.94 μg/L and 5.1326.61 mg/L, respectively.
The concentrations of the heavy metals changed between 57.60-2780.60, 1.60-720, 3-222, ND-13.6, ND-33,
1-60.8, 4.2-49.10, 0.20-31.80, and ND -7 μg/L for, Fe+2,
Mn+2, Zn+2, Cu+2, Ni+2, Cr+2, Co+2, Pb+2 and Cd+2, respectively. The heavy metal concentrations increased at stations 2, 5 and 7, due to different effluents of agricultural,
industrial and domestic wastes (station 2), the cheese factory (station 5), rubbish dumb and Menouf Purification
Water Company (station 7). Copper, nickel, chromium and
cobalt showed a highly temporal significant difference

(p<0.01) with an increase during summer, and that agrees
with the results obtained by Goher et al. [6]. The higher
concentrations of metals could be attributable to the reduced volumes associated with higher evaporation rates induced by the higher water temperature during dry hot seasons, and to the liberation of heavy metals from the sediment to the overlying water under decomposition of organic matter due to the high temperature and the fermentation process. The seasonal variations of heavy metals may
be attributed to the fluctuation of the amount of agricultural
drainage water, illegal untreated domestic sewage and industrial wastes discharged into the water-bodies. Domestic
waste-waters can contain fairly high concentrations of metals, such as Al, Ni, Cu, Fe, Pb and Zn, which are derived
from a wide variety of household products, such as cleaning materials, toothpaste and cosmetics. The positive correlation between Fe/Mn (r = 0.92, p<0.01) and Fe/Cu (r =
0.80, p<0.01) indicated that these heavy metals have the
same source of pollution.
3.1.1. The water quality index

The water quality index was investigated according to
the Canadian Council of Ministers of the Environment
(CCME-WQI module). The guidelines of parameters used
in the WQI calculations are presented in Table 2. The WQI
is considered to be a tool for simplifying the reporting of
water quality data. WQI numerically summarizes the information from multiple water quality parameters into a single
value. The single value can be used to compare data from
several sites. WQI is defined as rating provides the composite effects of individual water quality parameter on the
overall quality of water.
The CCME-WQI values were calculated using the following equation:

CWQI = 100

.

–

The factor of 1.732 arises because each of the 3 individual index factors can reach 100. This means that the vector
length can reach a maximum of 173.2 as shown below:
√

=√

= 173.2

The index comprises 3 factors:
F1 (scope) represents the percentage of variables that
do not meet their objectives at least once during the time
period under consideration (“failed variables”); it is relative to the total number of the measured variables. Objectives are "threshold limits" at least once during the time period under consideration; it is relative to the total number
of the measured variables:
F1 =

x 100

F2(Frequency) represents the percentage of individual
tests that do not meet objectives (“failed test”):
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x100

F3 (Amplitude) represents the amount by which failed
test values do not meet their objectives. F3 is calculated in
3 steps.
The number of times by which an individual concentration is greater than or less than, when the objective is a
minimum; then, the objective is termed an “excursion” and
is expressed as follows, when the test value must not exceed the objective:
excursioni

-1

=

The collective amount by which individual tests are
out of compliance is calculated by summing the excursions
of individual tests from their objectives and dividing them
by the total number of tests (both those meeting objectives
and those not meeting objectives). This variable, referred
to as the normalized sum of excursions, or nse, is calculated
as follows:
nse =

F3 is then calculated by an asymptotic function that
scales the normalized sum of the excursions from objectives (nse) to yield a range between 0 and 100.

For the cases in which the test value must not fall below the objective:
excursion i

-1

=

∑

F3 =

.

.

Depending upon the water quality index, the quality of
the water is ranked by relating it to one of the following
categories (Table 3).

TABLE 3 - CCME-WQI categories
Rating
Excellent

CCME-WQI
Value
95 - 100

Good

80 – 94

Fair

65 – 79

Marginal
Poor

45 – 64
0.0 – 44

Remarks
Water quality is protected with a virtual absence of threat or impairment; conditions very close to natural or
pristine levels.
Water quality is protected with only a minor degree of threat or impairment; conditions rarely depart from natural
or desirable levels.
Water quality is usually protected but occasionally threatened or impaired; conditions sometimes depart from
natural or desirable levels.
Water quality is frequently threatened or impaired; conditions often depart from natural or desirable levels.
Water quality is almost always threatened or impaired; conditions usually depart from natural or desirable levels.

FIGURE 2 - Water quality index of El-Bahr El-Pharaony Drain for aquatic life and irrigation utilizations.
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3.1.2. Water quality index of El-Bahr El-Pharaony Drain water

Eighteen water quality parameters were selected in the
WQI calculations for aquatic life utilization. The variables
included temperature, total dissolved solids (TDS), pH,
dissolved oxygen (DO), chemical oxygen demand (COD),
chloride (Cl), ammonia (NH3-N), nitrates (NO3-N), nitrites
(NO2-N), fecal coliforms (FC), cadmium (Cd), chromium
(Cr), copper (Cu), iron (Fe), lead (Pb), nickel (Ni), manganese (Mn), and zinc (Zn). For WQI calculations of irrigation utilization, 24 parameters were used, including electrical conductivity (EC), total dissolved solids (TDS), pH,
carbonate (CO3), bicarbonate (HCO3), chloride (Cl), sulphate (SO4), calcium (Ca), magnesium (Mg), sodium (Na),
potassium (K), ammonia (NH3-N), nitrates (NO3-N), orthophosphate (PO4-P), fecal coliforms (FC), cadmium (Cd),
chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead
(Pb), nickel (Ni), manganese (Mn), and zinc (Zn).
The present results indicate that the water quality index
(WQI) of El-Bahr El-Pharaony Drain changed from 52-71
and 67-74 at the different stations for aquatic life and irrigation utilizations, respectively (Table 4). Water of El-Bahr ElPharaony Drain is classified as marginal for the aquatic life
utilization at all stations, except for station 4 (which is
ranked as f‘air’). On the other hand, it is classified as fair for
irrigation utilization at all stations (Fig. 2). As for the whole

area, the drain water is classified as marginal (WQI = 46)
and fair (WQI = 67) for aquatic life and irrigation utilizations, respectively. WQI declared that El-Bahr El-Pharaony
Drain may be somewhat suitable for irrigation usage but it is
an inappropriate habitat for aquatic life.
3.2. Fish results

In the present study, Nile tilapia (Oreochromis niloticus) (a common and famous fish species in Egypt; its native name is Bolti) has been selected to assess the metal
accumulation patterns, accumulation factors of metals in
different organs, and the human health risk of metal ions
exposure due to O. niloticus consumption. The concentrations of Fe, Mn, Zn, Cu, Ni, Cr, Co, Pb and Cd in Nile tilapia (Oreochromis niloticus) caught from El-Bahr ElPharaony Drain were monitored seasonally from spring
2013 to winter 2014. The concentrations of the measured
metals in the different tissues of O. niloticus are presented
in 'ppm' (mg/kg wet weigh) as shown in Fig. 3. The present
work demonstrates that the liver displays the highest accumulation potential for all trace elements analyzed (except
for chromium; it showed its highest values in kidney),
while the muscles and gonads have poor accumulation capacity; these observations are in harmony with those which
were obtained by Ghannam et al. [5]. They stated that the

TABLE 4 - Water quality index calculations of El-Bahr El-Pharaony Drain for aquatic life and irrigation utilizations.
Aquatic Life utilizations
AREA

Total
parameters

Failed
parameters

Total
tests

Failed
tests

F1

F2

Excursion

Nse

F3

CWQI

Rank

St 1

18

11

72

22

61

31

20.31

0.28

22

59

Marginal

ST 2

18

11

72

26

61

36

21.51

0.30

23

57

Marginal

ST 3

18

12

72

23

67

32

21.51

0.30

23

55

Marginal

ST 4

18

7

72

18

39

25

19.14

0.27

21

71

Fair

St 5

18

11

72

25

61

35

28.00

0.39

28

56

Marginal

ST 6

18

11

72

26

61

36

15.80

0.22

18

58

Marginal

ST 7

18

12

72

23

67

32

44.13

0.61

38

52

Marginal

ALL
AREA

18

15

504

163

83

32

170.39

0.34

25

46

Marginal

Irrigation utilizations
AREA

Total
parameters

Failed
parameters

Total
tests

Failed
tests

F1

F2

Excursion

Nse

F3

CWQI

Rank

St 1

24

3

96

10

13

10

69.52

0.72

42

74

Fair

ST 2

24

4

96

13

17

14

88.62

0.92

48

69

Fair

ST 3

24

6

96

14

25

15

92.24

0.96

49

67

Fair

ST 4

24

3

96

12

13

13

72.42

0.75

43

73

Fair

St 5

24

4

96

14

17

15

66.71

0.69

41

73

Fair

ST 6

24

4

96

13

17

14

72.42

0.75

43

72

Fair

ST 7

24

5

96

12

21

13

69.52

0.72

42

72

Fair

ALL
AREA

24

8

672

88

33

13

531.44

0.79

44

67

Fair

CWQI: Canadian Water Quality Index
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FIGURE 3 - Multiple box and whisker plots of measured heavy metals mg/kg in different tissues of Oreochromis niloticus in El-Bahr ElPharaony drain.

highest accumulations of the metals were recorded in the
liver, while the lowest were recorded in the muscles. According to Squadrone et al. [11], lower concentrations in
muscle tissues can be related to the lower metabolic activity of this organ compared to the gills, kidney and liver.
The results showed that maximum level of Fe (264 ppm)
was recorded in the liver and the lowest one (12.5 ppm)
was found in the edible tissue (muscle). A significant (P<
0.001) difference between iron concentrations in different
tissues was found. The accumulation pattern of Fe in the

tissues of O. niloticus was in the following order liver >
kidney > gills > gonads > muscle. It should be noted that
iron was accumulated in higher concentrations in all organs
and considered to be the most abundant one of all measured
metals. These results agree with the results of Ghannam et
al. [5] in El-Bahr El-Pharaony Drain as well as the results
of Gilbert and Avenant-Oldewage [12] in the Vaal Dam,
South Africa. Manganese showed a similar trend accumulation of iron with the highest level (19.45 ppm) in liver
and lowest value (0.24 ppm) in muscle. Mn levels and accumulation pattern were in the order of liver > gills > kidney>
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with its content in muscle (r = -0. 72, p<0.01), gills (r = -0. 74,
p<0.01) and liver (r = -0. 64, p<0.05). Also zinc in water is
highly negatively correlated with Mn in liver (r = -0. 83,
p<0.01) and gonads (r = -0. 89, p<0.01). Conversely, copper and nickel in water is highly positively correlated with
Cu in gonads (r = 0. 9, p<0.01) and Ni in gonads (r = 0. 93,
p<0.01), respectively. Lead showed a significant positive
correlation between its content in water and liver (r = 0. 66,
p<0.05). Chromium and cadmium showed a highly significant negative correlation between their levels in water and
liver (r = -0. 94, p<0.01) and (r = -0. 78, p<0.01), respectively. Our correlation results are similar to previous studies by Authman et al. [13] on Nile tilapia (O. niloticus)
from a fish-farm in Al-Menoufia Governorate.
Table 5 shows the ranges of metal concentrations in the
muscle of O. niloticus, in comparison to the international
standard levels. It is clear that the highest levels of Fe, Zn,
Cu and Cd were lower than the standard levels, while the
highest values of Pb and Co were higher than the corresponding standard levels. On the other hand, the accumulation levels of Ni were found to be higher than the stipulated
limits, when compared with the estimated maximum guideline of 0.5–0.6 ppm [14]. Similarily, Cr exceeded the maximum guideline of 0.15 [15] and 0.15-1 ppm [14]. Manganese levels exceeded guideline of 1 ppm [16].

muscle > gonads. ANOVA data showed a significant difference of Mn concentrations in the different tissues (P<
0.001).
The highest concentration of Zn (34.61 ppm) was recorded in the liver and the lowest concentration (5.35 ppm)
was detected in the muscle. A significant (P<0.05) difference between Zn concentrations in different tissues was
found. The Zn accumulation in the different organs of O.
niloticus was in the order of liver > kidney > gonads> gills
> muscle. On the other hand, the accumulation pattern of
Cu in the tissues of O. niloticus was in the order of liver >
gills> kidney > muscle> gonads. The highest Cu content
(16.82 ppm) was determined in the liver while the lowest
value (0.82 ppm) was recorded in the muscle. A significant
(P<0.001) difference between Cu concentrations in different tissues was demonstrated.
Our results revealed that the highest content of Ni
(3.52 ppm) and Cd (0.064 ppm) were found in liver, Cr
(3.02 ppm) and Co (3.2 ppm) were recorded in kidney,
while Pb (7.82 ppm) was detected in gills. The lowest values of Ni (0.2 ppm) and Cr (0. 19 ppm) were recorded in
muscle, Co (0.39 ppm) was recorded in gills, Pb (0.82ppm)
was detected in kidney, and Cd (0.019 ppm) was found in
gonads.
The average concentration values of nickel, chromium,
cobalt, lead and cadmium were detected in the following
orders: liver > kidney> gonads = gills > muscle, kidney
>gills> muscle > liver> gonads, liver > kidney> gonads>gills> muscle, liver> gills > gonads> muscle > kidney
and liver > kidney = gills > muscle > gonads, respectively.
On the other hand, ANOVA analysis showed a highly significant difference (P<0.01) for each of the levels of nickel,
cobalt and cadmium in the different organs of O. niloticus,
while a significant difference (P<0.05) between lead concentrations in different tissues was recorded.
A Pearson correlation analysis was conducted to determine significant relationships among the studied metals in
organs of O. niloticus and water. It was found that iron in
water showed a significant negative correlation with iron
in muscle (r = -0. 6, p<0.05) and highly significant negative
correlation with kidney (r = -0. 91, p<0.01) and gonads (r =
-0. 92, p<0.01). Manganese in water is negatively correlated

3.2.1. Bioaccumulation factor (BAF)

The bio-accumulation factor is a number that describes
the bio-accumulation as the ratio of the concentration of a
chemical inside an organism to the concentration in the surrounding environment. Bio-accumulation is the process,
which causes an increased chemical concentration in an
aquatic organism compared to that in water due to uptake
by all exposure routes including dietary absorption,
transport across respiratory surfaces and dermal absorption. Bio-accumulation can thus be viewed as a combination of bio-concentration and food uptake. The bio-accumulation factor (BAF) in fish is the ratio of the concentration of the chemical in the organism CB (ppm wet weigh)
to that in the water CWT (ppm), according to the equation
of BAF = CB/CWT.

TABLE 5 - Ranges of metals concentrations mg/kg wet weight in muscle of O. niloticus in El-Bahr El-Pharaony Drain in comparison to standard levels.
Organization/country

Reference

European Community

EC (2005)[17]

England

MAFF (2000)[18]

50

20

FAO

FAO (1983) [14]

30

30

FAO/WHO limits

FAO/WHO (1989)[19]

40

30

0.5

0.5

EU limits

EU (2001)[20]

10

0.1

0.1

WHO

WHO 1989[16]

ANZECC*

ANZECC (2000)(a)

Present study

Min.

Max.
*mg/kg dry-weight (a) according to [21] after [15]

Fe

Mn

Zn

Cu

Ni

0.5-0.6

Cr

Co

0.15-1

Pb

Cd

0.2

0.05

2.0

0.2

0.5

100

1

100

30
0.15

1.2

2

0.20

12.5

0.24

5.35

0.82

0.2

0.19

0.46

1.72

0.021

43.3

2.52

16.56

3.65

0.76

2.00

1.71

5.64

0.037
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FIGURE 4 - Bioaccumulation factor of the metals in the different tissues of O. Niloticus from El-Bahr El-Pharaony Drain.

The bio-accumulation factors (BAFs) of the measured
metals in the tissues of O. niloticus are represented in Fig. 4.
The BAFs of Cu showed the highest values among investigated metals, and it changed in the range of 869 – 11177
ppm in gonads and liver, respectively. The Cd BAFs represented the lowest values and ranged between 16.3 in gonads and 40.5 ppm in liver. Among the investigated tissues,
liver had the maximum BAFs for all metals (except Cr).
The higher accumulation ratios of metals in the liver may
be attributed to the greater tendency of the elements to react
with the oxygen carboxylate, the amino group, the nitrogen
and/or the sulphur of the mercapto group in the metallothionein protein. According to Gilbert Avenant-Oldewage .
[12], the liver is the principle detoxification organ, while
the kidney may be secondary in function. Elements accumulating in the kidney of fish initially become bound to
proteins in the liver, which are then transported to the kidney and become sequestered. This has been demonstrated
by Squadrone et al. [11] for Cd and may possibly hold true
for other elements.
3.2.2. Human health risk

The human health risk assessment associated with the
fish consumption was confirmed using Hazard Quotient
(HQ) and Hazard Index (HI) developed by the United States
Environmental Protection Agency [22], using the following
equation:
EF x ED x FI x MCf
HQ= 10-3
RFDo x BW x AT
where EF is the exposure frequency (365 days/year),
and ED is the life time exposure duration (70 years). FI is
mass of the fish ingested by a person per day (57 mg in
Egypt, the per capita consumption of fish in Egypt for human food is averaged to be 20.8 kg [23]. MCf is the metal
concentration in fish (in mg per kg, w/w); the BW = body
weight of 70 kg is used as a default value for the adult as
suggested by USEPA [24]; AT is averaging time for non-

carcinogens (365 days/year x number of exposure years);
10-3 is the unit conversion factor. It was assumed that cooking has no effect on the metals toxicity in seafood.
3.2.3. Hazard Index (HI)

The hazard index (HI) for residents of Menoufia Governorate of Egypt, who consume Nile tilapia (O.niloticus)
from El-Bahr El-Pharaony Drain was obtained using the
following equation:
n

HI

HQi

i 1
where i is the individual heavy metal
The health risks resulting from the consumption of O.
niloticus from El-Bahr El-Pharaony Drain by approximately
one million people living in cities and villages around ElBahr El-Pharaony Drain have been estimated based on Hazard Quotient (HQ). The HQ is a ratio of determined dose
of a pollutant to a reference dose level. The interpretation
of the HQ value is binary: HQ is either ≥ 1 or < 1, where
HQ > 1 indicates a reason for health concern [25]. It must
be noted that HQ is not a measure of risk but indicates a
level of concern, while the HQ values are additive, they are
not multiplicative; e.g. the level of concern at HQ of 20 is
larger but not ten-fold of those at HQ = 2 [8].
Table 6 and Fig. 5 show the non-carcinogenic (Hazard
Quotient) risks of heavy metals through edible tissue exposure routes using the 9 measured metals to calculate the HQ
values. According to [26], no health risk may occur as a
result of ingestion of the fish at Hazard Quotients (HQ) or
total Hazard Indexes (HI) below 1, while the greater the
value of (HQ) and (HI) above 1, the greater the level of risk
associated with the fish consumption. Hence, HI < 1 means
no hazard; 1 < HI < 10 means moderate hazard while >10
means high hazard or risk [7].
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TABLE 6 - Estimated Daily intake (EDI µg/day) and Hazard Quotient (HQ) to human population from metals through muscle of O. niloticus
from El-Bahr El-Pharaony Drain.
Metal

CMF
(mg/kg)
29.97
1.46
8.95
2.27
0.39
0.93
1.18
3.40
0.03

EDI

RfDo (mg/kg
per day) (a)
0.7
0.14
0.3
0.04
0.02
0.0015
0.0003
0.0036
0.001

PTDI(b)

PTDI70

HQ

IRFb
(mg/day)
1635
673
2347
1232
3545
113
18
72
2514

Fe
8.541
0.8
56
0.035
Mn
0.415
0.14
9.8
0.085
Zn
2.550
1
70
0.024
Cu
0.648
0.5
35
0.046
Ni
0.113
0.005
0.35
0.016
Cr
0.264
0.0142(c)
1
0.503
Co
0.335
0.001
0.07
3.194
Pb
0.969
0.0036
0.25
0.791
Cd
0.008
0.001
0.070
0.023
HI
4.72
(a)
[25]; (b)[27]; (c) [28]
PTDI = permissible tolerable daily intake (mg/kg body weight/day); PTDI70 = permissible tolerable daily intake (mg/day/70 kg body weight); IRFb =
amount of fish O. Niloticus (mg/day) which must be consumed for each element to become risky (HQ> 1).

FIGURE 5 - Hazard quotient (HQ) to human population from metals through O. niloticus eating from El-Bahr El-Pharaony
Drain.

The present results indicate that the obtained HQ values
due to the exposure route for all investigated metals (except
for Co) do not demonstrate a risk (HQ<1) associated with
consumption of 57 g/day of O. niloticus from El-Bahr ElPharaony Drain. The HQ values due to ingestion of the analyzed metals through O. niloticus were in the following order: Co (HQ = 3.19) > Pb (HQ = 0.791) > Cr (HQ = 0.503)
> Mn (HQ = 0.085) > Cu (HQ = 0.046) > Fe (HQ = 0.035)
> Zn (HQ = 0.024) > Cd (HQ = 0.023) > Ni (HQ = 0.016).
The results showed that the HQ values due to the most studied metals were 10 times less than the non-hazardous limit
(HQ<1). Contrarily, HQ value due to Co content in edible
tissue of O. niloticus was three times more than the acceptable limit (HQ=1), which provides an indication of the
risk level due to the consumption of O. niloticus from ElBahr El Pharaony Drain. Also, cobalt is an essential nutrient for humans, and has been found to enhance proper thy-

roid function [29]; however, excessive intake of Co causes
congestive heart failure and polycythemia. The (IRFb) value
is the amount of O. niloticus fish that must be consumed for
health risks of each element to become evident (HQ>1).
These calculated values (Table 6) indicate that a small
amount of O. niloticus fish would be needed to produce adverse health effects for Co, Pb and Cr, while larger amounts
of fish will need to be eaten for health risks to be associated
with Fe, Mn Zn. Cu, Ni and Cd.
The total non-carcinogenic hazard index (HI) for the
analyzed heavy metals is 4.72. This result revealed that the
risks from consumption of edible tissues of the Nile tilapia
(O. niloticus) caught from El-Bahr El-Pharaony Drain are
3.5 times higher than the threshold value of 1. The human
health risk assessment for heavy metal contamination delineated low risk in edible tissues. The hazard index value
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(HI = 4.72) was classified as moderate risk level (10 > HI
> 1) [7]. This moderate value is based mainly on the HQ
values of Co (HQ = 3.194), Pb (HQ = 0.719) and Cr (HQ
= 0.503).
Generally, metals are of great interest due to their redox potential, which can trigger oxidative stress in fish, affecting their flesh quality. The present results showed that
fish in El-Bahr El-Pharaony Drain in Egypt are contaminated with a broad spectrum of heavy metals. The concentration values of some measured metals in muscular tissues
of O. niloticus, from El-Bahr El-Pharaony Drain, were
higher than the corresponding permissive levels and the allowable maximum concentrations of metals in fish organs
for human consumption. The results demonstrated that
fishes from El-Bahr El-Pharaony Drain could cause serious
problems to human health, due to bio-magnification over
time [13]. These health troubles are very considerable, such
as renal failure, liver damage, cancer, damage to the nervous system, etc. All have been documented in human beings as a result of metal consumption.

[2]

Agrawala, S., Moehner, A., El Raey, M., Conway, D., Aalst,
M.V., Hagenstad, M. and Smith, J. (2004) Development and
climate change in Egypt: Focus on coastal resources and the
Nile. Paris Produced for the OECD. 68 p

[3]

GAFRD (2011) General Authority for Fish Resources Development, Retrieved form,
http://www.gafrd.org/tags/11861/posts#http://www.gafrd.org
/posts/326990.2011.

[4]

Sabae, S.Z., El-Sheekh, M.M., Khalil, M.A., Elshouny, W.A.
and Badr, H.M. (2014) Seasonal and Regional Variation of
Physicochemical and bacteriological Parameters of Surface
Water in El-Bahr El-Pharony, Menoufia, Egypt. World Journal of Fish and Marine Sciences.6 (4), 328-335.

[5]

Ghannam, H.E., Talab, A.S., Gaber, S.E. and Jahin, H.S.
(2014b) Assessment of heavy metals distribution in some
freshwater fish organs using inductively coupled plasma optical emission spectrometry (ICP-OES). Eco. Env. & Cons. 20
(3), 859-870.

[6]

Goher, M.E., Hassan, A.M., Abdel-Moniem, I.A., Fahmy,
A.H. and El-sayed, S. M. (2014) Evaluation of surface water
quality and heavy metal indices of Ismailia Canal, Nile River,
Egypt. Egyptian Journal of Aquatic Research.40, 225–233.

[7]

Ukoha, P.O., Ekere, N.R., Udeogu, U.V. and Agbazue, V.E.
(2014) Potential health risk assessment of heavy metals concentrations in some imported frozen fish species consumed in
Nigeria. Int. J. Chem. SCI. 12(2), 366-374.

[8]

Osakwe, JO., Adowei, P. and Horsfall, M.Jr. (2014) Heavy
metals body burden and evaluation of human health risks in
African Catfish (Clarias Gariepinus) from Imo River, Nigeria.
Acta Chim. Pharm. Indica. 4(2), 78-89

[9]

APHA (1998) Standard methods for the examination of water
and waste water, 20th Edition. America Public Health Association, Washington, D. C, pp. 1-1-10-161.

4. CONCLUSION
This study is the first one to assess levels of metal ion
exposure over a lifetime in terms of the HQ and HI values
for the Nile tilapia (O. niloticus), the major consumed fish
species that is caught from El-Bahr El-Pharaony Drain in
Egypt, and to evaluate the water quality index of the drain.
The results revealed that water of El-Bahr El-Pharaony
Drain may cause a potential health risk for the inhabitants
in the cities and villages around the drain, where consumption of fish that inhabit this drain and the crops and vegetables, which are irrigated with such polluted water, become harmful to human beings. This conclusion is based
mainly on the deteriorate status of the drain water, which
is categorized as marginal and fair with low values (WQI
= 46) and (WQI = 67) for aquatic life and irrigation utilizations, respectively, in addition to the human health risk
indices of metals exposure through Oreochromis niloticus.
The present study recommends a rapid and periodically
Nile water discharge into the drain via El-Rayah ElMenoufy to improve the water quality and prevent the continued water deterioration of El-Bahr El-Pharaony Drain;
in addition to a continuous monitoring and awareness creation to avert possible human health risks for fish consumption patterns in communities around the drain to alleviate impending public health disasters.
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REMOVAL OF ETHACRIDINE LACTATE FROM AQUEOUS
SOLUTIONS ONTO BENTONITE AND ACTIVATED CARBON
R. Yeşim Cantürk Talman*, Elif Çalışkan Salihi, Sinem Göktürk and A. Seza Baştuğ
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ABSTRACT
The adsorption behaviour of ethacridine lactate was
studied from aqueous solution onto activated carbon and
bentonite under various experimental conditions. The adsorption experiments were carried out at different initial
concentrations, pH values and temperatures. Adsorption
isotherms have been modeled by Langmuir and Freundlich
isotherm equations. It was found that the Langmuir model
appears to fit the isotherm data better than the Freundlich
model. Thermodynamic parameters were also calculated.
The negative value of enthalpy change (∆H) indicated the
exothermic nature of the adsorption process, and the negative values of free energy change (∆G) were indicative of
the spontaneity of the adsorption process.
KEYWORDS:
Ethacridine lactate, rivanol, adsorption, bentonite, activated carbon

1. INTRODUCTION
Over the last fifteen years, medical substances (pharmaceuticals) have been receiving increasing attention as
potential bioactive chemicals in the environment [1], and
have been detected in many countries in sewage treatment
plant (STP) effluents, surface waters, seawaters, groundwaters and some drinking waters. They are considered as
emerging pollutants in the aquatic environment. Pharmaceuticals are continuously introduced into the environment
and are present at small concentrations [2], which can affect water quality and potentially impact drinking water
supplies, ecosystem and human health [3, 4].
There are many methods for the removal of organic
pollutants, such as adsorption, ion exchange, membrane
processes, chemical oxidation, chemical precipitation, solvent extraction and biological degradation. In wastewater
treatment, the most effective and useful elimination process is adsorption. Adsorption is dependent on both hydrophobic and electrostatic interactions of the pharmaceuticals
with particulates and microorganisms. Activated carbon
(AC) is the most commonly used adsorbent in technologies
* Corresponding author

related to pollution abatement, pharmaceutical and food industries, due to its large adsorption capacity, high surface
area, microporous structure and high degree of surface reactivity. AC showed a good performance in removing a
wide variety of pharmaceuticals such as oxy-tetracycline
[5], acetaminophen [6], ibuprofen [7], thioridazine hydrochloride [8], sulfamethoxazole and metronidazole [9],
amoxicillin [10], sulfapyridine, tetracycline, tylosin [11],
fluoxetine. [12], aniline [13], fexofenadine and diphenhydramine [14], acyclovir [15] and thiram [16].
Clays have been also widely used as adsorbents for removal of pollutants due to their high adsorption capacity,
mechanical stability and variety of surface and structural
properties. They are used in pharmaceuticals as excipients,
shielding and adsorbent agents [17]. Clays such as bentonite (BENT) have been largely studied since they show adsorptive properties [18-21]. As far as adsorptive properties
are concerned, BENT has been used to remove organic pigments [22], pesticides [23], chlorophyll [24], dyes and surfactants [25, 26], salicylic acid [17], drugs such as promethazine, triflupromazine, trimethoprim, carbamazepine
and ibuprofen [27].
Ethacridine lactate (6,9-diamino-2-ethoxyacridine lactate monohydrate), usually known as rivanol (RIV), is a
cationic dye as well as a cationic drug i.e. a potent antimicrobial agent that has been employed as an amebicide in
the treatment of human dysentery, and as a bactericide in
the treatment of bovine streptomastitis [28]. Its solution
prepared in glycerin is used in ear-drop formulations [29].
RIV is also potentially interesting as an absorbing and fluorescing probe of nucleic acid structure and of the interaction of aromatic cations with nucleic acids [30]. Previously,
our research group has reported on the interaction of RIV
with the surfactants in the absence and presence of co-solvents [31].
There are several studies on the adsorption of drugs
onto activated carbons or clays [5-17, 27]. To the best of
our knowledge, the adsorption of RIV from aqueous solution onto activated carbon or bentonite has not yet been reported. In this context, the aim of this study is to determine
the adsorption characteristics of BENT and AC for the removal of RIV from aqueous solutions. Accordingly, this
study covers both the equilibrium adsorption and adsorption kinetics of RIV onto BENT and AC.
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3. RESULTS AND DISCUSSION

2. MATERIALS AND METHOD
RIV was purchased from Hoechst and was used for all
the adsorption studies. Its molecular structure was shown
in Fig. 1.

3.1. Giles isotherm

Adsorption isotherm data of RIV on BENT and AC at
298 K are illustrated in Figs. 2 and 3. Adsorption of the
RIV on both of the adsorbents is L-type according to Giles
isotherm classification [33]. L-type indicates high affinity
between adsorbate and adsorbent, and also shows that there
is no strong competition of the solvent taking place at the
active sites of adsorption [34].

FIGURE 1 - Molecular structure of ethacridine lactate.

AC was supplied by Merck and used in powder form
and BENT was obtained from Sigma. Chemical and physical characteristics of AC [16] and BENT [27] are given in
previous studies. Briefly, AC has a specific surface area of
792 m2/g and pHPZC value of 7.5. BENT has a specific surface area of 23 m2/g and pHPZC value of 8.1. The main
chemical components of the Bent are (mass, %): SiO2 =
65.8, Al2O3= 16.6, Fe2O3 ≤ 2.3, CaO + MgO ≤ 4.3, Na2O
+ K2O ≤ 2.5. The equilibrium time was determined as 1 h
for AC. In the case of BENT, the effect of time on the adsorption of RIV was also studied. The equilibrium time was
recorded as 5 min for BENT. Because of the fast adsorption
process that the kinetics of the adsorption could not be observed. Adsorption kinetics were reported for the adsorption of RIV on AC in our previous study [32].

FIGURE 2 - Giles isotherm for the adsorption of RIV on AC.

Adsorption experiments were done with 25 mL of RIV
solutions in the concentration range of 0.02 to 0.3 mmol/L
for AC (typically 10 mg) and 0.1 to 2 mmol/L for BENT
(typically 50 mg) by using 100 ml graduated conical flasks
at the desired temperature. Conical flasks were agitated for
about 1 h to achieve equilibrium. After shaking at a constant rate of 120 rpm at 298, 308 and 318 K for 1 h in a
thermostatic shaker bath, the solid/liquid phases were separated by centrifuging at 3500 rpm for 15 min. AC were
now removed by centrifugation and concentrations of RIV
in the equilibrated solution was determined spectrophotometrically by measuring the absorbance at λmax of 431.5 nm
with an UV-Vis spectrophotometer (Shimadzu 2100S). In
case of BENT, the samples were separated with the aid of
a syringe nylon micro-filter (0.45 μm). The amount of molecules adsorbed in mol/g on solid surface and the adsorption ratio (Ads %) were calculated using the following
equations:

(C 0  C )V
q
W
Ads % 

(C 0  C )
x100
C

FIGURE 3 - Giles isotherm for the adsorption of RIV on BENT.
3.2. Isotherm models

(1)

(2)

Langmuir and Freundlich isotherm equations were
used to analyze the equilibrium data in order to understand
the adsorption behavior of RIV on the adsorbents. Linear
forms of Langmuir (3) [35] and Freundlich (4) [36] isotherm equations are given below, and related constants calculated are given in Table 1.
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TABLE 1 - Langmuir and Freundlich isotherm parameters for adsorption of RIV onto AC and BENT.

AC
BENT

Langmuir model
Q (mol/g)
b (L/mol)
2.0x10-4
934.30x103
2.1x10-3
75.93x103

Freundlich model
k
n
0.0707
0.23
0.0679
0.41

R2
0.998
0.999

C
C
1


q Qb Q

(3)

ln q  ln k  n ln C

(4)

where, C is the final concentration at equilibrium
(mol/L); q is the amount of adsorbate adsorbed per unit mass
of adsorbent at equilibrium (mol/g); Q is the maximum adsorption at monolayer coverage in (mol/g); b is the adsorption equilibrium constant related to the energy of adsorption
in (L/mol); k and n are the Freundlich constants representing
the adsorption capacity and intensity, respectively.

FIGURE 4 - Langmuir isotherm for the adsorption of RIV on AC.

R2
0.853
0.874

The Langmuir model gave a better fit than the Freundlich model, on the basis of the correlation coefficients values (R2). Langmuir isotherm suggests the monolayer coverage of the drug on the surface of adsorbents. Adsorption
capacity of BENT was found to be higher than that of AC
for the removal of RIV. The n values for all adsorption systems studied were less than unity, which shows the favorable adsorption of RIV over the entire concentration range
used in this study. Langmuir and Freundlich isotherms of
RIV adsorption on AC (Figs. 4 and 5) and BENT (Figs. 6
and 7) are shown below, respectively.

FIGURE 5 - Freundlich isotherm for the adsorption of RIV on AC.

FIGURE 6 - Langmuir isotherm for the adsorption of RIV on BENT.

FIGURE 7 - Freundlich isotherm for the adsorption of RIV on BENT
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3.3. Effect of Solution pH

The effects of solution pH on the adsorption were studied at various pH values at constant temperature (298 K).
Effects of pH on the adsorption of RIV on the adsorbents
are shown in Fig. 8a-b.

morillonite clay, has exchangeable cations (Na+ and Ca2+,
etc.) on the surface. The layered structure of the clay expands after wetting. Na+ and Ca2+ are strongly hydrated in
the presence of water, resulting in a hydrophilic environment on the surface [37].
At pH > pHPZC, the adsorbent surfaces become negatively charged, favoring the electrostatic attraction between
the adsorbents and cationic species. As seen in Fig. 8a-b, it
can be said that the adsorption of RIV on AC and BENT
increased with increasing pH of the solution. When the pH
of the solution increases, the number of positively charged
sites decreases and the number of the negatively charged
sites increases. The surface of adsorbents gets negatively
charged which enhances electrostatic attraction and, therefore, the adsorption of RIV on AC and BENT.
3.4. Effect of temperature on the adsorption and thermodynamics

The adsorption studies were performed at 298, 308 and
318 K in order to investigate the effect of temperature on
the adsorption. The free energy change of adsorption (G)
was calculated from the following equation (5):

G  RT ln K
(5)
where K is the equilibrium constant and T is the solution temperature (K); R is the gas constant (8.314 J/mol K).

FIGURE 8a - Effect of pH on the adsorption of RIV on AC.

Enthalpy change of adsorption (H) and entropy
change of adsorption (S) were calculated from adsorption
data at different temperatures using the Van’t Hoff equation given below (6):

ln K 

FIGURE 8b - Effect of pH on the adsorption of RIV on BENT.

In our study, pHPZC value of AC was 7.5 and BENT
was 8.1. At the pH range studied, RIV existed predominantly in its mono-cationic form [28]. According to the results, the adsorption of RIV on the adsorbents can be attributed to an ion-exchange (cation exchange) process. Because of the hydrophilic character of RIV, hydrophobic interaction did not play an important role on the adsorption
of RIV on hydrophobic AC surface. But in the case of
BENT, adsorption of RIV became favorable due to cation
exchange process. BENT, which is predominantly mont-

S  H

R RT

(6)

H and S were calculated from the slopes and intercepts of linear relationship of ln K with the reciprocal of
temperature (Figs. 8 and 9), and these thermodynamic parameters are given in Tables 2 and 3. G values were negative in the temperature range studied for both of the AC
and BENT systems. Negative G values indicate that the
adsorption process led to a decrease in Gibbs-free energy
and the feasibility and spontaneity of the adsorption process. However, this spontaneity decreases with an increase
in temperature. The negative values of H indicate that the
process is exothermic. Physical adsorption and chemical
adsorption can be classified, to a certain extent, by the
magnitude of the enthalpy change. The range of −24 to
38 kJ/mol is within the limits found in the literature, which
are lower than 80 kJ/mol for physical adsorption and lower
than 40 kJ/mol for ion exchange systems [38]. According
to this, the adsorption of RIV on AC and BENT appears to
be a physical adsorption process based on ion-exchange.
The negative values of S suggest the decreased randomness at the solid–solution interface during the adsorption of
RIV in aqueous solution on the adsorbents.
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TABLE 2 - Thermodynamic parameters for the adsorption of RIV on
AC.
T (K)

ΔG (J/mol)

ΔH (J/mol)

ΔS (J/mol K)

298
308
318

-4618.65
-4435.35
-4434.00

-7.40

-9.43
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TABLE 3 - Thermodynamic parameters for the adsorption of RIV on
BENT.
T (K)

ΔG (J/mol)

ΔH (J/mol)

ΔS (J/mol K)

298
308
318

-3944
-3788
-3695

-7.66

-12.51
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ABSTRACT

1. INTRODUCTION

Bisphenol A (BPA), as one typical endocrine disrupting compound, has been ubiquitously detected in the
aquatic environment, soil and sediment, and wastewater
treatment plants (WWTP) are the main pollution sources.
In this study, an optimized analytical method, which included the following procedures: microwave-assisted extraction (MAE), solid phase extraction (SPE), derivatization, and analysis by gas chromatography–mass spectrometry (GC–MS), was developed to detect BPA in wastewater
and sludge collected from five WWTPs in Guilin. The concentrations of BPA were in the range of: 407-1363 ng L-1
for influent, 72-395 ng L-1 for effluent, and 182-413 ng g-1
for excess sludge. Except plant E, the other four plants
could obtain good removal efficiency (77-88%), and a
large proportion (89.2%) of residual BPA entered into the
environment via the effluent. The total annual amounts of
BPA, released and discharged into the environment
through the effluent and excess sludge, were estimated to
be about 20104.2 and 2441.85 g of one year in Guilin. Further research was needed to focus on the environmental behavior and potential health risks of BPA in the receiving
water and the sludge.
KEYWORDS:
bisphenol A, wastewater, sewage sludge, GC-MS, degradation

Endocrine disrupting compounds (EDCs) have gained
much attention of scientists and the public for their harmful
effects on hormone system of humans and wildlife [1]. Similar to the structure of 17β-estradiol, bisphenol A (BPA) is
one representative EDC, and is widely used as a major
component of epoxy resins and plastics for many household productions, such as plastic food, beverage containers
and thermal receipt papers [2, 3].
To detect BPA in the environmental samples, researchers have developed some analytical methods, such as
GC-MS, LC-MS, and LC-MS/MS (Table 1). Compared
with other methods based on GC-MS, they showed lower
LOD (limit of detection). As preparation procedures of environmental samples, solid-phase extraction (SPE), has
been widely used to concentrate and purify analytes by removing interfering matters in the matrix. For solid samples,
the extraction step is necessary to extract the target compound into the organic solvent before SPE. However, reported methods focused on improving the recovery of other
EDCs, such as E1 (estrone), E2 (estradiol), EE2 (17αethynylestradiol), NP (4-nonylphenol), rather than BPA [4,
5]. Guilin is a world-class travel destination, and also a representative city in south of China. To our knowledge, few
researches were reported about fluxes assessment of BPA
in WWTPs. So, the aims of this study are to (1) optimize

TABLE 1 - Analytical techniques and extraction methods of BPA in WWTPs.
Country

Concentration (ng g-1)

Analysis

Extraction method

Recovery
Reference
(%)
Canada
312
LC-MS/MS
MAE
HLB column
85-97
6
China
182
GC-MS
UAE-SPE
—
80
7
75.99-661.10
GC-MS
MAE-SPE
GPC
85
8
4.69
GC-MS
SE-SPE
—
79-113
9
Germany
4-1363
GC-MS/MS
SE(>10 h)-SPE
GPC
85
10
＜LOD
HPLC
SE(4 h)-SPE
Silica gel column 18
11
Greece
620
GC-MS
UAE-SPE
—
87-93
12
Japan
300
GC-MS
UAE-SPE
—
80-95
4
Spain
130
LC-MS
UAE-SPE
—
98
13
ASE: accelerated solvent extraction; GPC: gel permeation chromatography; LC-MS: liquid chromatography- mass spectrometry; MAE: microwaveassisted extraction; SE: Soxhlet extraction; SFE: supercritical fluid extraction; UAE: ultrasonic-assisted extraction.
* Corresponding author
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the occurrence and fate of BPA in five WWTPs of Guilin;
(3) estimate the amount of BPA released into receiving water and contained in dewater sludge.

2. MATERIALS AND METHODS
2.1 Chemicals and materials

Ultra-pure water was supplied by a Milli-Q-Plus system (Millipore, US). BPA (99%) and BPA-d16 (98%) were
purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). All solvents of pesticide residue grade, including
methanol (MeOH), dichloromethane (DCM) and hexane,
were obtained from Merck (Darmstadt, Germany). The reagent BSTFA with 1% of TMCS for derivatization was obtained from Sigma-Aldrich (St. Louis, US). Oasis HLB
cartridge (500 mg, 6 ml) for solid-phase extraction was
purchased from Waters (MA, US). Clean-up cartridges including silica gel cartridge (500 mg, 6 ml) and acid aluminum oxide cartridge (500 mg, 6 ml) were from Agela (Beijing, China).

solid sample was ground to pass through a sieve of 100-mesh
nylon screen, and then, was homogenized to 1.0 g (dry
weight, dw). Homogenized sample was spiked with 50 ng
BPA-d16 and left for 6 h in a fume hood. Two-step MAE was
used to extract samples with 9 and 6 ml MeOH successively.
The supernatant was diluted and acidified to pH 3. The dilution was treated by SPE with the same method as liquid samples. Then, two clean-up procedures were applied with silica
gel cartridge and acidic Al2O3 cartridge in sequence. Finally,
the extract was further concentrated to 5 ml by a moderate
stream of N2. Concentrated extract was cleaned by acidic
Al2O3 cartridge with 10 ml methanol/acetone (1:1, v/v) and
then evaporated to dryness in a gentle stream of N2.
The dried sample was added to 50 μl of BSTFA with
1% TMCS and incubated at 70 °C for 50 min. The derivatized sample was evaporated to dryness by N2 again, and
then, re-dissolved in 200 μl of hexane for GC-MS analysis.
2.4 Instrumentation

Samples were collected from five WWTPs in the urban area of Guilin, each of which received wastewater of
the range from 20, 000 to 100, 000 m3 d-1 and served for a
total population of over 800, 000. Wastewater originated
mainly from domestic wastewater and a minority only of industrial wastewater, and was treated by the treatment process
of carrousel oxidation, AAO, AO, AAO and CASS, respectively. Excess sludge is condensed by gravity thickening,
and then, dewatered mechanically to 15-20% (w/w) of
solid content (Table 2).

BPA was determined by a Perkin Elmer Clarus 670, interfaced to a Clarus 600 MSD. The instrument was equipped
with a HP-5MS GC column (30 m× 0.25 mm i.d., 0.25 μm
film thickness). The temperature of interface and ion source
were kept at 280 and 230 °C, respectively. The sample (1 μl)
was injected under split-less mode. The following program
was set for oven temperature: 1 min at 100 °C, first ramp,
20 °C min-1 to 250 °C, second ramp, 5 °C min-1 to 270 °C,
and third ramp, 20 °C min-1 to 300 °C and 2 min at 300 °C.
MS acquisition was performed in the positive electron impact mode (70 eV), under full ion scan mode (50-600, m/z)
for qualitative analysis, and selected ion mode was used to
quantify BPA (m/z value, 73, 207, 257).

2.3 Pre-treatment of samples

2.5 Quality assurance and quality control (QA/QC)

Filtration and centrifugation were used to separate
solid and liquid phase of samples. Each liquid sample was
filtered through a 1.2-μm glass fiber filter. BPA-d16 (50 ng)
was added as the internal standard. SPE was used to clean up
and condense analytes of the liquid sample with MeOH/acetone (1:1, v/v) for elution. The eluent was gently evaporated to 0.5 ml under N2. The concentrated solution was
derivatized and then analyzed by GC-MS. Lyophilized

Spiked experiments were set at a concentration of 100 ng
L-1 for liquid samples and 50 μg kg-1 for solid samples (n=3).
The linear regression showed a good fit (R2, 0.998 for liquid
samples, 0.989 for solid samples). High recoveries (91±4%,
liquid samples; 92±9%, solid samples) were obtained. Limit
of quantification (LOQ) was 3 ng L-1 for liquid samples and
1 μg kg-1 for solid samples, which were both estimated
from the signal-noise ratio of 10.

2.2 Description of WWTPs and samples collection

TABLE 2 -Detailed information of five WWTPs.

Capacity(×103 m3 day-1)
Wastewater source
Treatment process
HRT, h
SRT, d
Moisture content of
dewater sludge(%)
Population served (×103)

Plant A
100
Domestic and
industrial wastewater
Carrousel
12
14
87

Plant B
30
Domestic
wastewater
AAO
15
20
80

Plant C
45
Domestic
wastewater
AO
12
22
85

Plant D
80
Domestic and
industrial wastewater
AAO
15
21
85

Plant E
20
Domestic and
industrial wastewater
CASS
6
12
86

225

120

130

250

62
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3. RESULTS AND DISCUSSION
3.1 Optimization of analysis method

To obtain a better recovery, MAE and derivatization
procedures were optimized. Optimization of MAE conditions, including extraction time, solid-liquid ratio and microwave power, was reported in several applications [14,
15]. In this study, the optimal conditions included extraction time and solvent volume to enhance the recovery of
MAE. Each blank sample of 1.0 g was spiked with 250 ng
BPA and 50 ng BPA-d16, and extracted with MeOH (3, 6,
9 and 12 ml), respectively. The extraction conditions were
set as follows: microwave power of 500 W and extraction
time 3, 6, 9 and 12 min, respectively. The extracted samples
were cleaned up and analyzed by the previously described
method in Section 2. The results are shown in Fig. 1. Among
results obtained from one-step extraction (Fig. 1a), the highest recovery was observed under the conditions of 9 ml solvent and an exaction time of 6 min. However, any result
through one-step MAE could not achieve the desired recovery (70-120%). To improve recovery, a series of second
extractions were applied at the same conditions as one-step
extraction, after the first step under the conditions of 9 ml
solvent and exaction time of 6 min. Compared with one-step
extraction, two-step extraction could significantly improve
the recovery of BPA from 63 to 70-87%, except results extracted for 12 min (Fig. 1b). The final optimized conditions
of MAE were microwave power 500 W, first step, 9 ml
MeOH and 6 min extraction time, second step, 6 ml MeOH
and 6 min extraction time. So, the later MAE extraction was
run in the following steps: first step, 9 ml MeOH for 6 min,
and second cycle, 6 ml MeOH for 6 min.

100

Recovery

80

Several key factors, such as heating mode, type of deriving reagent, incubation temperature and reaction time
could influence the relative response factor (RRF) of derivatized production of polar organics [8, 12]. Series of single-factor experiments were run to the most optimal temperatures and duration times (60, 70 and 80 °C) and four
duration times (30, 40, 50 and 60 min) (Fig. 2). Comparing
with other results, the best response value occurred when
derivatization lasted 50 min at 70 °C (Fig. 2).
3.2 Occurrence of BPA

BPA was detected in all effluent samples of five
WWTPs. The concentration of BPA (0.407-1.363 μg L-1)
observed in these influent samples (Fig. 3) was similar to
results from Nie et al. [16] who reported BPA at μg L–1
levels in the wastewater samples of one WWTP in Beijing.
Compared with influent samples from the WWTP in Quebec, the mean BPA concentration of influent in this study
was much lower, which was contributed to more wastewater
originating from industrial discharges in a CUQ treatment
plant [17]. The highest concentration of BPA was observed
in the influent sample from plant A, and BPA concentrations
of influent in plant B and C were much lower than those
from the other plants. The interplant variations of BPA concentrations in samples from primary clarifiers and effluent
exhibited a quite similar trend. The differences among influent BPA values in five plants were mainly due to the source
of wastewater. Both plant B and C received domestic
wastewater, while the other plants treated not only domestic
wastewater but industrial wastewater.

100

a

3 ml
6 ml
9 ml
12 ml

80

60

60

40

40

20

20

b

3 ml
6 ml
9 ml
12 ml

0

0
4

8

4

12

8

t (min)

t (min)

FIGURE 1 - Recovery of MAE under different conditions: (a) First time recovery of MAE; (b) total recovery of MAE.
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FIGURE 2 - Comparison of response values of BPA under different derivatization conditions.
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FIGURE 3 - Concentrations and total removal efficiency of BPA in five plants.

The concentration in effluent (0.072-0.395 μg L–1)
showed a significant reduction of BPA during the course of
treatment processes. As for excess sludge, plants A and E
had higher concentrations of BPA than others, which maybe
related to more BPA inflow and lower SRT (hydraulic retention time). A low SRT means that the target compound absorbed into sewage sludge was lack of enough reaction time
to be biodegraded completely.
Compared with reported data from the literature, the
concentrations of BPA (182-413 ng g−1dw) in this study
were higher than those for other cities in China (0.42152 ng g−1) [9].
3.3 Elimination of BPA

Removal efficiency of BPA in this study ranged from
59 to 88%, which indicated that a high removal of BPA

occurred in most of WWTPs, except plant E. However, BPA
could not be removed completely in all plants. A stepwise
removal of BPA was observed along with the wastewater
stream. Compared with primary sedimentation, biological
treatment could eliminate more BPA from wastewater. There
were some variations of BPA removal efficiency among the
5 plants. Two plants equipped with AAO process, plants B
and D, produced higher removal efficiency of 82 and 88%,
while plants A and C with carrousel oxidation ditch and AO
showed lower removal efficiency of BPA. Plant E adopted
with CASS, could only remove 59% of influent BPA. Except
types of biological treatment, HRT was the other possible reason. HRT (hydraulic retention time) of plant E (6 h) was much
lower than those (mean 13.5 h) of other 4 plants. It was hard
to complete the biodegradation of BPA without enough reaction time. Estrada-Arriaga et al. [18] investigated that estrone (E1), 17β-estradiol (E2) and 17α-ethinylestradiol

3612

© by PSP Volume 24 – No 11. 2015

Fresenius Environmental Bulletin

(EE2) could be removed with the efficiency of more than
99.9%, under SRT of 60 days and HRT of 12 h. And they
deduced that more than SRT of 60 days and HRT of 12 h
is needed to obtain the same BPA removal efficiency as
E1, E2 and EE2.
Taking into consideration low volatility, sorption and
bio-degradation, it could be speculated that these are the
two major pathways in the elimination of BPA within
WWTPs. Sorption of BPA occurred firstly, and adsorbed
BPA was biodegraded by activated sludge. So, the mass
balance of BPA was calculated to identify the predominant
factor for the removal of BPA.
As shown in Fig. 4, each amount of BPA removed by
sorption to sludge was obtained as the product of BPA concentration in sludge, treated wastewater volume and sludge

yield (0.58 kg m-3). Elimination amounts of BPA through
biodegradation pathway were gained by subtracting total
removal amount in wastewater by amounts of BPA in
sludge. The amounts of BPA removed through biodegradation were about 15-35.3 times of that by sorption, which
obviously demonstrated that biodegradation was the major
elimination mechanism for removal of BPA in WWTPs as
previously reported [9, 19].
3.4 Emission fluxes of BPA from WWTPs

Compared with the other 4 plants, plant A discharged
the largest amounts of BPA via both effluent and sludge
(Fig. 5), which contributed to the highest concentration of
BPA in influent and largest wastewater treatment capacity.
The total emission fluxes of BPA from WWTPs in Guilin

total
biodegradation
sludge

80

-1

Removal amounts (g d )

100

60

40

20

0
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D
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FIGURE 4 - Removal amounts of BPA in five plants.
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FIGURE 5 - Mass flux of BPA through WWTPs in Guilin (y axis mass flux of BPA).
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via effluent and sludge were 55.08 and 6.69 g d-1, respectively. So, a large proportion (89.2%) of residual BPA entered into the environment via effluent, which was similar
to the survey result in Korea [13]. For calculating the emission flux of BPA, seasonal fluctuation of BPA was another
important factor to consider. Nie et al. [16] investigated the
occurrence of EDCs in one WWTP of Beijing and found
that both samples of effluent and excess sludge had higher
concentrations of BPA in summer and autumn than those
in spring and winter [9]. Compared with Beijing, Guilin
had low annual fluctuation of temperature, so annual mean
concentrations of BPA in effluent and sludge should not be
less than those in summer. Therefore, yearly BPA emission
from five WWTPs was estimated to be more than 20104.2
and 2441.85 g for Guilin, respectively. Considering the
emission of large amounts of BPA via effluents and sludge,
it was necessary to pay more attention on environmental
behavior and potential health risks of BPA in the receiving
water and the sludge.

[3]

Liao, C. and Kannan K., 2011. Widespread occurrence of Bisphenol A in paper and paper products: implications for human
exposure. Environ. Sci. Technol. 45(21), 9372–9379.

[4]

Hashimoto, T. and Murakami, T., 2009. Removal and degradation characteristics of natural and synthetic estrogens by activated sludge in batch experiments. Water Res. 43(3), 573582.

[5]

Muz, M., Sönmez, M.S., Komesli, O.T., Bakırdere, S., Gökçay,
C.F., 2012. Determination of selected natural hormones and endocrine disrupting compounds in domestic wastewater treatment
plants by liquid chromatography electrospray ionization tandem
mass spectrometry after solid phase extraction. Analyst, 137(4):
884-889.

[6]

Mohapatra, D.P., Brar, S.K., Tyagi, R.D., Surampalli R.Y.,
2010. Degradation of endocrine disrupting bisphenol A during
pre-treatment and biotransformation of wastewater sludge.
Chem. Eng. J. 163(3), 273-283.

[7]

Hu, Y., Zheng, Y., Zhu, F., Li, G., 2007. Sol–gel coated polydimethylsiloxane /β-cyclodextrin as novel stationary phase for
stir bar sorptive extraction and its application to analysis of
estrogens and bisphenol A. J. Chromatogr. A. 1148(1), 16–22.

[8]

Wang, B., Huang, B., Jin, W., Zhao, S., Li, F., Hu, P., Pan, X.,
2013. Occurrence, distribution, and sources of six phenolic endocrine disrupting chemicals in the 22 river estuaries around
Dianchi Lake in China. Environ. Sci. Pollut. Res. 20(5), 31853194.

[9]

Song, S., Song, M., Zeng, L., Wang, T., Liu R., Ruan T., Jiang,
G., 2014. Occurrence and profiles of bisphenol analogues in
municipal sewage sludge in China. Environ. Pollut. 186(1),
14-19.

4. CONCLUSIONS
In this study, an investigation was run to research the
occurrence and fate of BPA in five WWTPs in Guilin,
South China. BPA was detected in all samples of WW and
WWS, with a range from 407 to 1363 ng L-1 for influent,
from 72 to 395 ng L-1 for effluent, and from 182 to 413 ng
g-1 for excess sludge. Except plan E, the other four plants
could obtain good removal efficiency (77-88%), and a
large proportion (89.2%) of residual BPA entered into the
environment via effluent. Annually amounts of BPA discharged into the environment through effluent and excess
sludge were estimated to be about 20104.2 and 2441.85 g
in Guilin.
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ABSTRACT
Tai Lake, as an important water source in the southeast
of China, and has been undergoing serious pollution. In order to meet more stringent standards for wastewater treatment and reuse in the limited area, it is necessary to upgrade existing WWTPs. Due to high effluent quality and
low footprint, MBR has been widely utilized and considered as an alternative for WWTP upgrading. The main purpose of this study was to assess the removal efficiency of
chemical oxygen demand (COD), nitrogen and phosphorus
in three WWTPs retrofitted by full scale membrane system
in Tai Lake basin. The combination of conventional biochemical and MBR system showed excellent removal effect of target contaminants. The effluent quality met the
first level A standard specified in the Discharge Standard
of Pollutants for Municipal WWTPs with COD < 50 mg/L,
mixed liquor suspended solids (MLSS) < 10 mg/L, NH4+N < 5 mg/L, total nitrogen (TN) < 15 mg/L, and total phosphorus (TP) < 1 mg/L). It proves that MBR system is efficient for WWTP upgrading in Tai Lake basin. In addition,
this study attempted to summarize these three WWTP
cases on the basis of operational results, technical and economical parameters, and provide suggestion for an optimal
configuration and design of a WWTP with MBR technology.

KEYWORDS: biological nutrient removal, membrane bioreactor
(MBR), denitrification, upgrading, membrane fouling

1. INTRODUCTION
It has been widely recognized that environmental pollution and ecological degradation in China have become
serious problems. Tai Lake basin, located in the southeast
of China (Fig. S1 in supporting information), is included in
the most heavily polluted areas [1]. Non-point pollution
* Corresponding author

from rural areas and sewage wastewater are the primary
pollution sources. Besides, municipal pollutant is also discharged into northern Tai Lake. These facts result in water
quality deterioration and frequent outbreaks of cyanobacterial blooms. However, Tai Lake is an important water
source of drinking, industrial and agricultural use for surrounding cities, such as Wuxi and Suzhou with a population of 46 million and a surface area of 2338.1 km2. Earlier
in 2007, the outbreak of a cyano-bacterial bloom led to a
shortage of drinking water for 1 million local people for a
week. This abrupt event made Tai Lake a hot topic both
domestically and internationally [2, 3].
Therefore, China government has executed “Clean
Water Action Plan” and the local government has enacted
more stringent regulations and wastewater reuse standards
in order to stop this deterioration trend [4]. As the sewage
discharge standard keeps increasing, upgrading of existing
WWTPs has become the more challenging task than erection of wholly new plants [5]. MBR combines a conventional biological treatment process with immersed microfiltration or ultra-filtration membranes that replaces gravity
sedimentation [6]. Due to high effluent quality and low
footprint, MBR has been widely utilized in the world as a
useful tool for wastewater treatment and reuse [7]. It also
has been considered as an alternative for WWTP upgrading. The traditional biological nitrogen and phosphorus removal process could generally meet B standard of the first
level (chemical oxygen demand (COD) < 60 mg/L, mixed
liquor suspended solids (MLSS) < 20 mg/L, ammonium
(NH4+-N) < 8 mg/L, total nitrogen (TN) < 20 mg/L, total
phosphorus (TP) < 1 mg/L) in the urban sewage treatment
plant pollutant discharge standards (GB18918-2002). Nevertheless, MBR technology can further improve the quality
of sewage treatment plant effluent to the surface water
class IV standard (COD < 30 mg/L, NH4+-N < 1.5 mg/L,
TP < 0.3 mg/L (for river), TP < 0.1 mg/L (for lakes)) without prolonging the traditional biological process. Thus, this
paper will provide information on three applicants of fullscale MBRs, containing Xincheng WWTP, Meicun WWTP
and Shuofang WWTP, treating municipal sewage and industrial wastewater. These WWTPs are located in Wuxi
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near Tai Lake. The original wastewater treatment of three
WWTPs and modified full-scale MBR approach operate in
parallel, which is the possibility of dealing with peak flows
that exceed the hydraulic capacity of the MBR [8]. The operating results provided a new and efficient method, MBR
technology, for WWTP upgrading to meet the stringent discharge standards. In addition, it offered useful information
for engineers to operate based on specific situations with
flexibility and broadened understanding of MBR design and
configurations [9]. Another objective of this study is to list
some problems which should be paid attention to during
MBR operating.

2. MATERIALS AND METHODS
2.1 Xincheng WWTP

The first two phases of Xincheng WWTP project are
modified sequence bio-reactor (MSBR) processes with a
total capacity of 9×104 m3/day. These two phases were built
and put into operation in 2000 and 2007, respectively. In
2009, a UCT-MBR (A2O process modified by University
of Cape Town) system was designed of 6×104 m3/day to upgrade this existing WWTP. The total sewage treatment capacity of Xincheng is 15×104 m3/day. As shown in Fig. 1(a),
the UCT-MBR system consisted of three reactors in series,
anaerobic, anoxic and aerobic, followed by an aerobic container where submerged hollow fibre membrane modules
(Siemens, Germany) were installed. The effective volume
of the biochemical tank was 23788.8 m3 (Fig. S2(a) in the
supporting information). Submerged membrane separation
equipment was installed in the membrane tank of 186 m2.
The membrane tank was equipped with a pulse aeration element for membrane module scouring. The aeration rate was
3500 m³/h. The internal recycle between the membrane and
the oxic zone was carried out through an air-lift pump. The
design filtrate flux of membranes was 19.18 L/ (m2·h). Details about the operating conditions can be found in Table 1.
The mechanically pre-treated inlet consisted basically
of domestic wastewater and industrial water. The industrial
wastewater accounted for 54% amount of inlet, which contained electronics wastewater, machinery wastewater,
printing wastewater, dyeing wastewater and pharmaceutical
wastewater. Due to the pre-treatment of these wastewaters
from their enterprise, the average value of COD was
about 150 mg/L. The characteristics of the inlet are given
in Table 2.
This plant has been thoroughly retrofitted and monitored for more than 5 years. Although the final effluent
quality by the use of the immersed MBR has been very
good, some problems appeared in the initial operation of
the MBR system. The packing density of membrane tank
in Xincheng WWTP MBR process was too high to be
cleaned. For this reason, flux declined sharply after two
years of operation. Hence, Xincheng WWTP has changed
the membrane tank structure and replaced the membrane
model in the next expansion of MBR process.

2.2 Meicun WWTP

Meicun WWTP was completed and run in 2002, with
a cyclic activated sludge system (CASS). The original sewage treatment capacity was 3×104 m3/day. After the outbreak of algae bloom, Meicun WWTP was retrofitted by a
full-scale A2O-MBR process in 2009. The capacity of the
MBR system was 8×104 m3/day. The MBR unit was operated parallel with the CASS unit. The schematic of the
MBR process in Meicun WWTP is illustrated in Fig. 1(b).
The raw municipal wastewater collected from the combined sewer system was pre-treated via fine screen. Then,
the inlet was fed into anaerobic and anoxic tank. The biological treatment reactors consisted of two parallel compartments. Each compartment was composed of sequencing
anaerobic, anoxic, anoxic and aerobic tank for nitrogen and
phosphorus removal. A submerged hollow fibre membrane
module was immersed in the membrane tank (Fig. S2(b) in
the supporting information). Aeration was provided through
fine air diffusers from the bottom in the aerobic tank and
the membrane tank, while sludge in the anoxic tank was
suspended by a mixer. The sludge in membrane tank was
recycled by an air-lift pump to anoxic tank. The practical
membrane flux was kept at 20.00 L/ (m2·h) in the long-term
operation. Details about the operating conditions can be
found in Table 1. Domestic wastewater accounted for 55%
of inlet and industrial wastewater which made up 45%. The
characteristics of the inlet are given in Table 1.
Meicun WWTP has been thoroughly upgraded by
means of membrane bio-reactor technology and monitored
for almost 5 years. The rupture of the membrane fibre
rarely occurred in the membrane module, but the conditions of low temperature have a negative impact on the permeate flux of the membrane. The sudden jump of TMP was
caused by the fouling of the membrane module; thus, manufacturers consider gradually replacing the membrane
module.
2.3 Shuofang WWTP

Shuofang WWTP, designed as CASS process for
2×104 m3/day before 2009, was retrofitted by modified
A2O (anaerobic/anoxic /aerobic/pre-anoxic) MBR in 2011.
The capacity of A2O-MBR process was 2×104 m3/day.
Both CASS unit and MBR unit at parallel operation mode
could be operated separately. The industrial wastewater accounted for 42% amount of inlet, and the rest of inlet was
domestic wastewater. A schematic diagram of Shuofang
WWTP is shown in Fig. 1(c). The A2O-MBR system consisted of three reactors in series, anoxic, anaerobic and aerobic and pre-anoxic, respectively, followed by an aerobic
container where submerged hollow fibre membrane modules were installed. The overall volume of the biochemical
tank was 11948 m3. The micro-filtration membrane separation equipment was supported by Origin Water Company. The membrane tank was equipped with a pulse aeration element for membrane module scouring with an aeration rate of 9000 m³/h (Fig. S2(c) in the supporting information). The pre-anoxic reactor in this system was to de-
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crease the dissolved oxygen (DO) concentration of the aerobic effluent to below 0.5 mg/L. The internal recycle between the membrane and aerobic tank was carried out
through an air-lift pump. The filtrate flux of membranes

was design for 19.73 L/ (m2·h) and the membrane separation
tank area for unit volume of water is 325 m2/×104 m3. Details
about the operating conditions can be found in Table 1. The
characteristics of the inlet are given in Table 2.

(a)

(b)

(c)

FIGURE 1 - Schematic diagram of MBR systems; (a) Xincheng WWTP: 1 - anaerobic reactor; 2 - anoxic reactor; 3 - aerobic reactor; 4 membrane bioreactor; 5 - membrane separation module; 6 - air compressor; 7 - suction pump; R1 - recycle from anoxic to anaerobic reactor;
R2 - recycle from MBR to aerobic reactor; R3 - recycle from aerobic to anaerobic reactor; (b) Meicun WWTP: 1 - anaerobic reactor; 2 - anoxic
reactor; 3 - anoxic reactor; 4 - aerobic reactor; 5 - membrane bioreactor; 6 - membrane separation module; 7 - air compressor; 8 - suction
pump; R1 - recycle from anoxic to anaerobic reactor; R2 - recycle from MBR to anoxic reactor; (c) Shuofang WWTP: 1 - anaerobic reactor;
2 - anoxic reactor; 3 - aerobic reactor; 4 - anoxic reactor; 5 - membrane bio-reactor; 6 - membrane separation module; 7 - air compressor; 8 suction pump; R1 - recycle from anoxic to anaerobic reactor; R2 - recycle from aerobic to anoxic reactor; R3 - recycle from MBR to aerobic
reactor.
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TABLE 1 - Operational parameters of the WWTPs.
Xincheng WWTP

Meicun WWTP

Shuofang WWTP

PhaseⅡ MBR system capacity(m3/day)

3

3

2

Biochemical tank volume (m3)

23788

17171

11948

Biochemical tank HRT (h)

9.94

10.9

17.76

SRT (d)

14

15

30

TMP (kPa)

4-35

3-30

3.6-25

Membrane module vendor

Siemens

GE

Origin Water

TABLE 2 - Inlet characteristics of the WWTPs.
Items

Xincheng WWTP

Meicun WWTP

Shuofang WWTP

COD (mg/L)

195±62

262±57

288±80

NH3-N (mg/L)

33.9±5.4

27.3±4.4

28.1±9.0

TN (mg/L)

37.4±5.6

29.8±4.3

31.9±9.1

TP (mg/L)

2.7±0.6

2.62±0.9

2.1±1.1

Shuofang WWTP has been thoroughly retrofitted and
monitored for more than 4 years. Basic operational parameters are mentioned in Table 1. In this plant, a full-scale modified A2O (anoxic/anaerobic/aerobic/pre-anoxic)-MBR plant
with the step feed operational strategy is operated to evaluate
the performance of this integrated system on the nutrient removal from municipal and industrial wastewaters, aiming to
provide practical and useful technical references for the upgrading and reconstruction of other sewage treatment plants.
The packing density of the membrane tank is relatively high
due to the structure of the membrane module. The restorative
cleaning of this MBR system must be carried out off-line,
which brought a lot of inconvenience to operation and
management. While attenuated flux conditions occasionally
appeared in the daily operation, the production of MBR was
generally good in the long-term mode. After the spare part
membrane was installed in vacancies of the membrane tank,
the actual average throughput dropped to 17 L/ (m2·h).
2.2 Analytical methods

Samples were collected regularly from different locations of the plant for measurement of COD, NH4–N, nitrate
nitrogen (NO3–N), nitrite nitrogen (NO2–N) and phosphate
phosphorus (PO4–P) according to the standard methods
[10]. Influent flow-rate, effluent flow-rate and trans-membrane pressure (TMP) were monitored continuously by the
online real-time systems. Soluble microbial products (SMP)
and extra-cellular polymeric substances (EPS) were extracted according to the procedure reported by Han et al.
[11]. The three-dimensional excitation-emission matrix
(EEM) fluorescence spectra were obtained using a luminescence spectrometer (F-4500 FL spectrophotometer, HITACHI, Japan) [12].

3. RESULTS AND DISCUSSION
3.1 Process performance
3.1.1 COD removal

COD removal of Xincheng WWTP during the whole
operation is illustrated in Fig. 2(a). Although the average
influent COD concentration was 195 mg/L, the COD concentration in effluent was below 40 mg/L. The average removal efficiency of COD in Xincheng WWTP could reach
82 % during 2012. The changing trend of COD concentration in influent and effluent in Meicun WWTP during the
operational period is presented in Fig. 2(b). Al-though the
influent COD concentration dramatically fluctuated from
106 to 460 mg/L, a stable COD level below 35 mg/L in the
effluent was obtained. It may be inferred that Meicun
WWTP had strong resistance to impact COD load. Fig. 1(c)
shows the COD removal in Shuofang WWTP. The average
influent COD concentration was 287 mg/L while the effluent COD concentration was about 35 mg/L. The removal
efficiency was close to 93.1 %. All of these WWTPs exhibited high performance in removing COD and low COD
level could be obtained, which met A standard of the first
level.
3.1.2 Nitrogen removal

Figure 3 illustrates NH4+-N concentration of these
WWTPs. In Xincheng WWTP, the average influent NH4+-N
concentration was 33.9 mg/L and the average removal efficiency was 92.7 % (Fig. 3(a)). However, the performance of
NH4+-N removal in Xincheng WWTP was not stable. Due
to the malfunction of the aerator, DO concentration was below 0.5 mg/L in the aerobic zone on June 4th-6th, 2012. The
concentration of NH4+-N raised sharply to 21 mg/L in the
effluent on those days, and similar problems also happened
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Figure 4 shows the variation of TN concentration in
the systems during the whole operation period. In Xin-

cheng WWTP, the TN concentration was 13.8 mg/L in effluent and the TN removal efficiency was about 62.6 %
(Fig. 4(a)). In Meicun WWTP, a stable low TN level below
12.5 mg/L in the effluent was obtained (Fig. 4(b)). In Shuofang WWTP, the influent concentration ranged from 12.9
to 78.6 mg/L, with the average value of 31.9 mg/L, while
the effluent concentration was 7.3 mg/L on average (Fig.
4(c)). The COD of influent in Xincheng WWTP was a little
lower than in the other plants, which means that COD in
wastewater would be consumed by other heterotrophic
consortia rather than the denitrifier in Xincheng WWTP.
Limited carbon energy for nitrate reduction at the anoxic
zone indicates that incomplete denitrification would occur
in the condition of no external carbon source. Therefore,
Xincheng WWTP had larger variations in nitrogen removal
than another two plants.

(a)

(b)

in November and January, which induced the fluctuant removal efficiency. Compared to the unsteady NH4+-N removal conditions of Xincheng WWTP, Meicun WWTP had
a good performance on NH4+-N removal (Fig. 3(b)). Meicun
WWTP obtained a low level of NH4+-N in the long operation
time. The NH4+-N concentration was always below 2 mg/L
in the effluent, with an average removal efficiency of
98.2 %, indicating sufficient biological nitrification. In Shuofang WWTP, although the influent NH4+-N concentration
was 77.5 mg/L on October 4th, 2013, the effluent NH4+-N
concentration was about 0.6 mg/L (Fig. 3(c)). The maximum NH4+-N removal efficiency was 98.1 %. It was more
efficient and stable than Xincheng WWTP.

(c)
FIGURE 2 - COD concentration of influent and effluent in (a) Xincheng WWTP, (b) Meicun WWTP and (c) Shuofang WWTP.
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(a)

(b)

（
）

(c)
FIGURE 3 -

concentration of influent and effluent in (a) Xincheng WWTP, (b) Meicun WWTP and (c) Shuofang WWTP.

(a)

(b)
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(c)
FIGURE 4 - TN concentration of influent and effluent in (a) Xincheng WWTP, (b) Meicun WWTP and (c) Shuofang WWTP.

(a)

(b)

(c)
FIGURE 5 - TP concentration of influent and effluent in (a) Xincheng WWTP, (b) Meicun WWTP and (c) Shuofang WWTP.
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3.1.3 Phosphorus removal

The TP removal performance of the three plants is
shown in Fig. 5. Xincheng WWTP showed high performance on phosphorus removal. The TP removal efficiency
was approximately 87.2% on average, corresponding to the
average 0.3 mg/L in the effluent (Fig. 5(a)). In Meicun
WWTP, despite the fluctuations in the influent, the TP removal efficiency was high and stable. It was more than
95.8 % on average throughout the operation (Fig. 5(b)). As
presented in Fig. 5(c), the average TP removal efficiency
was about 93.3%, and the concentration was 0.1 mg/L in
the effluent. Different from the internal recycle from aerobic to anaerobic zone, all three WWTPs have the internal
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recycle from anoxic to anaerobic zone. This could decrease
dissolved oxygen concentration in the anaerobic zone,
which improved the release of phosphorus. The performance of TP removal in Xincheng WWTP was not as good
as in the other two WWTPs. Because of the relatively low
COD concentration of Xincheng WWTP in influent, more
carbon source was consumed for the enrichment of denitrifying bacteria and less carbon source flowed into the anaerobic reactor. The shortage of carbon source limited the
phosphorus release of phosphate-accumulating organisms
in Xincheng WWTP. In Shufang WWTP, the long SRT
(30 days) might also limit the phosphate incorporation into
new cell materials.
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FIGURE 6 - EEM fluorescence spectra of (a) SMP in Xincheng WWTP, (b) EPS in Xincheng WWTP, (c) SMP in Meicun WWTP, (d) EPS in
Meicun WWTP, (e) SMP in Shuofang WWTP, (f) EPS in Shuofang WWTP.
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3.1.4 EEM fluorescence and zeta potential of SMP and EPS

The three-dimensional EEM fluorescence spectra of
SMP and EPS of oxic zone sludge in these WWTPs are
shown in Fig. 6. Chemical compositions are related to the
spectral information. Four main peaks could be indentified
in Fig. 6. According to previous studies [12, 13], Peak A is
associated with the aromatic protein-like substances, Peak
B with tryptophan protein-like substances, Peak C with visible humic acid-like substances, and Peak D with ultraviolet humic acid-like substances. Figs. 6(a), (c) and (e) show
that the fluorescence characteristics of SMP were quite different in these WWTPs. According to the data of fluorescence intensity in Table S1, the concentrations of aromatic
protein-like substances and tryptophan protein-like substances were the highest in SMP of Meicun WWTP, while
the concentrations of visible and ultraviolet humic acidlike substances were the highest in SMP of Xincheng
WWTP. The intensity of Peak A and B was the lowest in
SMP of Shuofang WWTP, which might indicate that more
aromatic and tryptophan protein-like substances were removed from the influent, or less of them were produced by
the sludge in Shuofang WWTP. Similarly, the lowest intensity of Peak C and D in SMP of Meicun WWTP implies
less residual visible and ultraviolet humic acid-like substances. In Figs. 6(b), (d) and (f), Peak C and D were hardly
detected. It indicates that there were little visible and ultraviolet humic acid-like substances in EPS. In addition, the
concentrations of aromatic and tryptophan protein-like
substances were also the highest in Meicun WWTP. It may
infer that more aromatic and tryptophan protein-like substances were produced by the sludge in Meicun WWTP.
The zeta-potential of SMP and EPS in these WWTPs
is summarized in Table 3. The zeta-potential of SMP is obviously different in all three WWTPs while the difference
of EPS is not significant. This was consistent with the EEM
fluorescence spectra. Perhaps it implies that the characteristics of SMP were different while that of EPS was similar
to some extent in these WWTPs.
TABLE 3 - Zeta potential of SMP and EPS in the WWTPs.

Xincheng WWTP
Meicun WWTP
Shuofang WWTP

SMP (mV)

EPS (mV)

-10.4±2.57
-4.19±0.07
-7.99±1.10

-20.7±0.26
-18.2±1.14
-18.9±0.75

3.2 Energy consumption and membrane cleaning expense

As the statistics presented in Table 4, compared with
the initial biochemical processes in the first phase of these

WWTPs, the MBR systems almost doubled the value of
energy consumption. The main reason was that the membrane tank needed a certain amount of additional aeration
to control membrane fouling. On the other hand, the operation of multi-segment re-flow system also increased
power consumption, which was aimed at achieving high
removal efficiency of nitrogen and phosphorus.
Generally, the cleaning agents are sodium hypochlorite for organic foulants removal and citric acid for inorganic removal. Since the membrane area of all the MBR
systems was large, the concentration of agents was approximately 2000 mg/L, and the cleaning frequency was 4 times
per month.

4. SUGGESTION FOR MBR DESIGN
These three MBR systems discussed above are the earliest constructions in Tai Lake basin with running time of
more than 5 years. In addition to selecting more excellent
membrane equipment manufacturers and membrane modules, the following issues should be noticed during the design and operation of large-scale MBR wastewater treatment plants.
(1) Precaution of hydraulic loading shock

According to previous studies, MBR systems had disadvantages on hydraulic loading shock. The peak flow capacity of MBRs was lower than that of conventional clarifier-based systems. The membrane flux of hollow fibre
membrane or flat membrane would decrease dramatically
when treating influent of the peak flow. There are two strategies for MBR operation that can improve the peak flow
capacity. One is parallel operation mode. Owing to the operation mode paralleled with original treatment process,
the MBR systems could tolerate hydraulic loading shock
generated by membrane fouling. The MBR WWTPs in our
study could properly operate at high flux. When a conventional WWTP is updated to MBR process, the design value
of membrane flux should be properly set. Since membrane
cost accounts for a small proportion of the total, it is possible to increase the membrane area and reduce membrane
flux within a certain range, in order to improve the peak
flow capacity. The other strategy is to recognize the seasonal feature of the peak point, such as that resulting from
flood or thunderstorm, and to chemically clean the membranes just prior to the anticipated phenomenon [6].

TABLE 4 - Energy consumption and membrane cleaning conditions in the WWTPs.

PhaseⅠenergy consumption (kW·h/m3)
PhaseⅡ MBR system energy consumption (kW·h/m3)
Membrane cleaning frequency (times/month)
Membrane cleaning agent cost (yuan/month)

Xincheng WWTP
0.21
0.65
4 (acid cleaning)
4 (alkali cleaning)
6270
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Meicun WWTP
0.35
0.6
4 (acid cleaning)
4 (alkali cleaning)
5510

Shuofang WWTP
0.3
0.7
4 (acid cleaning)
1 (alkali cleaning)
4800
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(2) Pre-treatment of wastewater

Pre-treatment of wastewater plays an important role in
MBR systems. Both the sand content and tiny fibre impurity content in China’s urban sewage are very high. These
impurities are difficult to be separated from sludge, and can
easily gather in the membrane wires (Fig. S3). The adsorption of impurities on membranes results in either a reduction of permeate flux or an increase of trans-membrane
pressure. With respect to the MBR system, some pre-treatment methods can be applied: ① The improvement of grit
chamber process (Fig. S4); ② The installment of membrane fine screen before MBR system; ③ Strengthening
the removal of floating sludge in biological treatment
tank.[14-17]
(3) Selection of biochemical treatment process in MBR systems

MBR system is not a simple combination of A/A/O
process and membrane separation tanks. Phosphorus release by PAOs under anaerobic conditions is crucial to the
phosphorus uptake in the subsequent aerobic stage. Conditions that favour PAO growth and anaerobic phosphorus release were provided in anaerobic tanks of A2O -MBR and
modified A2O -MBR systems. Hence, Meicun and Shuofang
WWTPs had excellent performance on TP removal (95.8
and 93.3%). With respect to the control membrane fouling,
the aeration rate for membrane cleaning is very high. Therefore, the concentration of dissolved oxygen in the membrane
tank is high, or even close to saturation. The mixing liquor
recycled from membrane tank to anaerobic or anoxic tank
is unfavourable for phosphorus release or de-nitrifaction,
which will deteriorate the removal of phosphorus or nitrogen. To ensure optimal conditions for each unit of biochemical reactions, the mixing liquor recycled from the membrane tank should be gradually returned to a swing tank, anoxic tank and aerobic tank [7, 18]. Compared with the only
one anoxic tank in Xincheng WWTP, both the Meicun and
Shuofang have two anoxic tanks, which is helpful for the denitrification process. If the COD concentration of influent is
low, the WWTPs could apply the reversion of anoxic and
anaerobic tanks along with the step feed strategy. This configuration modification could ensure sufficient carbon
source in the anoxic tank for de-nitrification.
(4) Design of MBR tank structure

In order to save time and dosage at the online cleaning,
the packing density of membrane tanks in Xincheng and
Shuofang WWTPs was excessively high. For this reason, a
substantial decline occurred in flux after two years of operation. Therefore, to ensure the design of water production, Xincheng and Shuofang WWTP modified the membrane tank structure in the later expansion of MBR process.
High packing density has the following advantages:
① small footprint; ② short online cleaning time; ③ less
dosage of membrane cleaning agents. However, the excessive packing density of membrane will generate mutually
distortion between membrane wires. The relatively sluggish fluid flow form dead zones, resulting in the waste of

membrane wire surface area. On the other hand, excessive
packing density will weaken aeration scouring for the
membrane, which exacerbates the accumulation of impurities. Although the restorative cleaning can be completed by
the automatic liquid discharge system and automatic dosing control system online, the winding of fine membrane
fibres always cannot be avoided. However, off-line membrane cleaning is complex and labour-intensive in a largescale MBR system. Therefore, it is suggested that automatic cleaning online system should be equipped with offline cleaning renovation system at the same time [14]. In
order to ensure the efficient operation of the MBR system,
the high quality valve equipment should be chosen for
membrane tank. For instance, the sealing problem of mixed
fluid inlet valve would influence the online cleaning process and result.
(5) Standardization of membrane modules

At present, membrane modules made from the manufacturers have different standards, whose connectors are
also different. Thus, it is difficult for proprietor and design
organization to accomplish the backup and replacement of
membrane modules. The equipment dimensional similarities also are helpful to the air scour systems for membrane
washing. In a word, the uniform standards of different
equipment manufacturers will have great benefits for MBR
system operation in WWTPs, and the manufacturers would
pay more attention on the enhancement of membrane quality and performance.
(6) MBR system energy saving and consumption reduction

Due to the high concentration of suspended solids, oxygen transfer efficiency of aeration decreases. At the same
time, high aeration rate to scour membrane is needed to
control membrane fouling. Therefore, large energy consumption of aeration increases the cost of MBR system. Intermittent aeration and new method for membrane scouring
should be applied to for MBR system energy saving and
consumption reduction[19] .
(7) Treatment of excess sludge

Although the quantity of excess sludge in MBR system
is lower than that of conventional processes, the sludge particle is very small and strong-hydrophilic. For this reason,
the dehydration of excess sludge in MBR systems is difficult. The treatment of excess sludge can be improved by
appropriately increasing dosing devices capacity and dehydration equipment capacity.[6]

5. CONCLUSIONS
The selection of biochemical treatment process in
MBR systems affects the final effluent quality. From this
study, we carefully evaluated the performance of three fullscale municipal WWTPs with submerged membrane modules. Results showed that three modified WWTPs achieved
good COD, NH4+-N, TN and TP removal efficiency, re-
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gardless of the presence of external carbon sources, which
could meet the first level A criteria specified in the Discharge Standard of Pollutants for Municipal Wastewater
Treatment Plant (GB 18918-2002). Meicun WWTP retrofitted by a full scale A2O -MBR process had the best performance in pollution removal among the three plants. Results showed that COD, NH4+-N and TP removal efficiency
was more than 90.0, 98.2 and 96.2%, respectively. The
A2O process precedes the MBR and creates a buffer zone
that provides the required time for the micro-organisms to
adapt to new conditions. There is no doubt that MBR technology provides several promising perspectives in view of
upgrading WWTPs and possibilities of treated wastewater
reuse. Although the investment of MBR system is about
1.5 times higher than that of the traditional process and the
operating cost is almost 2 times higher than the traditional
process, the water quality was significantly better than traditional process.
The results obtained in this study indicate that these
three modified MBR systems are able to make reuse of water in many residential and industrial area. Some suggestions for MBR process design can be also achieved according to this study. Pre-treatment before biochemistry section
in MBR systems is necessary, and it should be paid attention to the impact of hydraulic loading shock. Operation
under low-flux can prevent TMP jump. According to recent literature and our own experience, the future study on
the application of full-scale MBR system should focus on
energy consumption, treatment of excess sludge, and fouling control strategy.
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ABSTRACT
A methodology describing matter transfer in coastal
basins connected with a small channel is presented. More
specifically, the spreading of suspended particulate matter
after the sudden release from a source in Thermaikos Bay
(NW Aegean Sea) and the effect to the adjacent Toroneos
bay through the Potidea Channel was examined via mathematical modelling. A 2DH hydrodynamic model was applied coupled to a quasi 3D transport model. A key point
was the computation of the probability for a particle reaching the computational cell, adjacent to the channel, to pass
the small channel of subgrid scale and reach the adjacent
bay. For that reason, another, second couple of a small scale
high resolution 2DH hydrodynamic and transport models,
focusing on vicinity of the channel was applied so that the
aforementioned probability could be calculated for the large
scale model. The simulations referred to the wind generated
circulation and resulted to the eventual distribution of the
particle concentrations over the two bays, thus, informing
us about the potential matter transfer through the Potidea
channel. It was finally shown that only a minor amount of
material crosses the channel and escapes Thermaikos to
reach Toroneos, under the influence of SW, NW and W
winds.

jective of this paper. More specifically, the spreading of
SPM released in N. Moudania Harbor, located at East
Thermaikos, and reaching eventually to the adjacent Toroneos bay through the narrow artificial, channel of Potidea
were studied here. The channel is aligned along the westeast axis with a length of 1100 - 1150 m, width varying
from 40 to 55m, and water depths between 3.5 and 5.5 m
[1, 3]. The water depths of the largest part of the bays are
less than 100 m [1]. Axios, Loudias, Aliakmonas and Pinios are the main rivers flowing into the west part of the
Thermaikos, however, with low and steadily decreasing
water discharges [2] due to the recent operation of hydroelectric plants and irrigation projects.
During past decades many researchers have worked on
the hydrodynamics in Thermaikos and North Aegean Sea
[1, 4-8]; waters quality and matter transport, based on
mathematical simulation, were also studied [9-15]. Common rationale of these works was the relation of the matter
transport to the fact that the water circulation in those basins is mainly determined by the local wind conditions [12,
16] while the tidal signal on the area is very small [17].
Concerning the research related to channels between oceanic and coastal basins, only cases of large straits were
studied such as the Gibraltar Straits [18], the Bosphorus
Straits [19] and the Dardanelles Straits [20-22].

KEYWORDS: nesting, channel, hydrodynamics, matter transport,
numerical modeling

1. INTRODUCTION
Adjacent coastal basins connected with a channel constitute a special case of coastal engineering and physical
oceanography research. Thermaikos and Toroneos bays,
both lying to the NW part of the Aegean Sea (East Mediterranean Sea) constitute such examples of coastal basins
connected with a small channel and common south open
sea boundaries. The spreading of suspended particulate
matter (SPM) released suddenly at a location close to the
channel, connecting the two adjacent bays, is the basic ob* Corresponding author

2. MATERIAL AND METHODS
The present study is based on the synthesis and application of a 2D, depth average, hydrodynamic model, named
H1, coupled with a quasi 3D transport model, named T1. A
supportive 2DH small scale hydrodynamic model, named
H2, coupled with a 2D transport model, named T2, both
based on the same equations, is also applied so that the models of the real topography get feedback supplying some critical information necessary for the mass transport through the
channel. More specifically, the necessary hydrodynamic
information over the system of the two adjacent bays is initially obtained by the application of a 2DH hydrodynamic
model - model H1.
The two computational fields with the respected grids
are depicted in Figure 1.
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FIGURE 1 (a) The study area of the Thermaikos and Toroneos bays (models H1 and T1) and (b) the study area of the channel of Potidea
(models H2 and T2)

2.1 The Hydrodynamic Model

The equations describing the hydrodynamic circulation (for both hydrodynamic models H1 and H2) are the
well-known equations of momentum and mass conservation as used in [1, 23].

where h is the water depth, U and V are the vertically
averaged horizontal velocities, ζ is the surface elevation, f
is the Coriolis parameter, τsx and τsy are the wind surface
shear stresses, τbx and τby are the bottom shear stresses, νh is
the horizontal turbulence viscosity coefficient, according
to [24], ρ is the density of the water and g is the gravitational acceleration.
The flow field of the study area, for the model H1, was
discretised horizontally by a 70×67 grid with mesh size Δx=
2500 m, and time step Δ t=10 sec. A classical explicit finite
difference scheme on a staggered grid was used for the solution of the mass and momentum conservation equations.
A significant point for the case of the real topography
corresponding to the study area of the hydrodynamic model
H1 as well as the transport model T1 is the consideration
of the channel; although the channel is not embodied to the
digitized topography of the model since the dimensions of
the channel are much smaller than the dimensions of one

computational cell, its presence is taken into account using
the channel's current from Manning equations; The real
channel is included in the second small scale model and a
feedback between the two models is adopted according to
the description, related to the following boundary conditions: (a) slip velocity is adopted on land boundaries, (b)
the velocity components normal to the boundary on the
cells comprising the two ends of the channel (model H1)
are computed by the surface level elevation differences on
the two ends of the channel, and the well- known Manning
equation [1, 25, 26] and (c) free radiation is used to the
open sea boundary line. Apart from the mean current velocities, the model provides the capability of computing the
surface current based on the relationship between the sea
surface velocities and the corresponding depth averaged
velocities as well as the wind speed W. The interested
reader can find that approach in [23, 27, 28].
A second small scale hydrodynamic model, H2 follows the first model H1, using as input from the H1 model,
the sea level difference Δζ between the two adjacent to the
channel meshes (west and east to the channels’ area cells)
, that correspond to the two adjacent sides of the dry cell in
which the channel is located. The flow field of the study
area of that second hydrodynamic model (model H2) was
discretized horizontally by a 130×60 meshes with square
mesh size Δx=50 m. The selected time step was Δt=1 sec.
Accordingly to the case of model H1, classical explicit difference scheme on a staggered grid was used for the solution of the mass and momentum conservation equations of
the model H2. It is important to note that this small scale
model contains as flow domain the cells (left and right) adjacent to the dry cell of the channel’s location of the model
H1. The channel here is fully embodied to the study area
which forms the basic topography of the model H2. Con-

3628

© by PSP Volume 24 – No 11. 2015

Fresenius Environmental Bulletin

cerning the boundary conditions, the velocity component
normal to any computational cell corresponding to dry land
of the coast is set to zero while on the east boundary free
radiation is adopted. A ζ value equal to Δζ between the two
adjacent to the channel meshes resulting from the H1
model is applied to the west boundary. The hydrodynamic
equations used for the H2 model are as those used for the
model H1 with the only notation that the wind influence is
transferred here through the sea level differences between
the channel ends as the external force for the activation of
the water circulation. Before continuing with the transport
model, steady state conditions are reached in the hydrodynamic models. That hydrodynamic information is used for
the transport model.

n

n

where u (x i ,t ) is the deterministic fluid velocity at
n

n

time t at the location x i of the i particle, interpolated from
n

n

the grid velocities, u i ΄ is the random velocity at time t at
n

n

location x i with u i ΄=Ur= 6 D / dt and rnd is a random
variable distributed uniformly between -1 and +1.
Similarly to the above equations are the ones referring
to the direction of y axis.
Vertically, the description of the particles’ motion was
n

also analyzed into a deterministic part Δzs i due to settling
n

2.2 The Transport Model

process and a stochastic part Δz i ΄ according to the follow-

The knowledge of the velocity field, obtained from the
hydrodynamic simulation allows for the transport simulation (either in a suspended or diluted form).The large scale
transport model applied here is based on the Tracer Method.
Advection and dispersion processes can be simulated, without numerical errors, by means of this method. A detailed
description of the method can be found in older as well as
more recent published works [11, 13, 14, 23, 29, 30].
The present mathematical simulation has the following
characteristics:
[1] the velocity field is determined by a set of values of the
velocity components at specific grid points taken as an
input from the hydrodynamic simulations;
[2] the range of a random velocity ± Ur is computed from
the equation Ur= 6 Dh / dt where Dh is the horizontal dispersion coefficient (equal to the momentum dispersion coefficient calculated from the hydrodynamic
models);
[3] the range of a random velocity ±Wr is computed from
the equation Wr= 6 Dv / dt where Dv is the vertical
dispersion coefficient, according to classical the approximation 0.01• h •V where h is the water depth and
V the current velocity in the center of the cell.
[4] a particle settling velocity ws is computed according to
Stokes' equation for very small particles; here
ws=2gr2/9μ (ρs-ρf), corresponding to the case of silt
and clay particles
[5] the time step Δt for the T1 transport model was 30
minutes
[6] for the case of sudden release, a specific number of particles are placed on the source at the beginning of the
experiment; In more detail, concerning the model T1,
106 particles are placed in a source close to the channel.

ing relations:

The motion of each particle is analyzed into a detern

n

ministic part Δx i and a stochastic part Δx i ΄ according to
n

n

n

the following relations: Δx i = u (x i , t ) • Δt
n
i ΄=

n

u i ΄ • Δt • rnd [-1,1]

and

Δx

n

Δzs i = ws • Δt

and

n

Δz i ΄ = w΄ • Δt • rnd [-1,1]

where ws is the particle settling velocity and w΄ is the
random vertical velocity due to vertical turbulence. No vertical deterministic fluid velocity is taken into account for
the computations since the hydrodynamic model is two dimensional-depths averaged; besides the vertical fluid velocities are generally very low and can be satisfactorily
considered negligible.
Finally, the new positions of the particles are computed from the superposition of the deterministic and stochastic displacements as given below:
n1

xi
n
i ΄

&

n

n

n

= x i + Δx i + Δx i ΄
n1

zi

n

n

&

n1

yi

n

n

= y i + Δy i + Δy

n

= z i + Δzs i + Δz i ΄

The concentrations are then computed from the number of particles, found at each grid box.
As far as the small scale, high resolution simulation is
concerned this was based on a 2DH transport model (model
T2) with time step Δt = 60 sec; 104 particles were placed
randomly and uniformly distributed in the west basin and
their fate was then traced in time; the particles trapped in
the channel were considered that have crossed the channel;
these particles thereinafter were placed randomly again in
the west basin to continue their travel.
The boundary conditions adopted in the transport models are briefly described as follows:
Concerning the model T2 it was considered that if a
particle arrives to a wall boundary then it is reflected to its
previous position. It is important here to note that the application of the transport model T2 comes before the application of the model T1; more analytically, the model T2
computes the number of particles (n) that cross the channel
during a time period of four hours which was sufficient for
the hydrodynamic model to reach steady state conditions.
That number (n) divided by the total number of particles
(N) gives the probability for a particle found to the computational cell adjacent to the channel to cross it and go to the
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other side (i.e. the adjacent basin). Dividing this probability
n / N (= ptot) by the ratio [TIME of the small scale model
T2/time step of the large scale model T1], the probability of
a particle in model T1 to cross the channel in a time step Δt,
is estimated and used in the application of the model T1.
Concerning the model T1 of the real topography of the
bays, the particles, which arrive at the open sea boundary,
are trapped there and no further computation is made for
them. These particles are then excluded from the computational loops. The particles arriving at the coast are reflected
to their previous position, so that they can continue their
further transport; the same is valid for the particles reaching the sea surface of the water column. The particles moving in the coastal mesh adjacent to the channel, stand a
chance, equal to p, to cross the channel and go to Toroneos
according to the above given probability. More specifically, for each particle found in the adjacent mesh to the
channel a random number r is generated; if p is greater than
rnd then the particle moves to the other side of the channel.
In summary, the sea level difference Δζ, between the
two meshes adjacent to the channel’s location (i.e. the wet
cells that correspond to the two adjacent sides of the dry
cell in which the channel would be located in model H1) is
computed from the H1 model (output), for different wind
conditions and is used as input to the H2 model as flow
forcing. Then the number of particles that pass the channel
in the ideal model T2 gives the probability for a particle to
pass from the one bay to the other in the real topography
model T1. Consequently, the order of models application
is: H1, H2, T2, T1 according to the following schematic
figure (Figure 2).
According to previous studies concerning numerical
modelling research [1] as well as field measurements [3] it
was clearly found that dominance of winds with important
west direction component initiate mass-transport from
Thermaikos to Toroneos while the opposite is valid for
winds of the east sector. More specifically, a monitoring
program has been undertaken in the area (2009-2010), with
four bimonthly oceanographic surveys including periodic
current in situ measurements. A significant finding of the
monitoring process is that NW, W and SW winds move
water masses from Thermaikos to Toroneos while NE, E
and SE winds move water masses from Toroneos to Thermaikos. In this work the simulations for the hydrodynamics
and matter transport under the influence of NW, W and SW

H1

(Δζ) 

H2

winds which move the water masses from Thermaikos
to Toroneos were examined. This particular study presents
the gerater interest since Thermaikos is much more polluted basin than Toroneos, which generally is not. As far
as the winds frequency is concerned it is well known that
north and northwestern winds blow with the highest frequency during the year (~ 22.9 and 18.17% [31] and especially during the winter [8]. Concerning the intensity,
winds over the Bay are generally relatively weak [32], being greater than 15m/s for periods less than 1% of the time
[8]. The wind speed for all the model runs of the present
study was taken equal to 10m/s (with a gradual increase
from zero speed to 10m/s during the first hour) while the
time periods for the matter transport simulations were 1, 3,
5 and 7 days.

3. RESULTS AND DISCUSSION
3.1 Basic elements concerning the simulation procedure.

The numerical modelling of the hydrodynamic conditions over the major sea area aims to the computation of
the velocity and surface elevation field over the two bays
and the surface elevation differences on the channel ends.
These sea level differences were used for the study of the
seawater and mass transport through the channel. The models were applied for SW, NW and W wind forcings as it
was referred in the previous section.
The following two basic assumptions, quite realistic
and very close to the real phenomenon, have been adopted
for the realization of the simulations:
(a) the sea water circulation in the basin is mainly wind
generated [16] and
(b) the water movement in the channel is mostly determined by the sea level differences between its two ends;
those sea level differences are caused mainly by the local
winds
The above assumptions are supported by the following
basic observations [1, 3]:
• The tidal signal reaching the basins of Thermaikos
and Toroneos Bays is semidiurnal, with a mean tidal range
0.20 to 0.25 m [17], which is quite small and that’s why it
was neglected. Of course tidal force can play a role in the
water mass exchange between the two bays, which occa-

T2

(u,v) 

 (p)


H1

(u,v,ws)

FIGURE 2 - Schematic diagram with the order of models application
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sionally might be of the same order with the exchanges due
to wind forcing, however the exchange of mass would not
be important, because the residual currents in the channel
due to tidal motions are of very small values.
• Seawater density differences could not constitute
another important reason for the generation of the circulation and water mass exchange through the channel, since
the two bays have the same latitude while the east part of
the Thermaikos has generally similar temperature and salinity characteristics with the west part of the Toroneos and
the nearby areas.
• Barometric pressure gradients between the channel
extremities are also negligible due to the small scale of the
channel.
Of course, inclusion of baroclinic forces might have improved the results but this is beyond the scope of the present
study. Moreover, it is underlined that flocculation processes,
that could affect the sedimentation process, were not taken
into account in the present paper. However, initial runs of
the models (not presented in the paper) showed that settling
processes did not cause important differences on the final
particles’ distribution over the particular study area.
Consequently, the following four models were realized: H1 and T1 which correspond to the hydrodynamic
and the transport models (large scale) respectively for the
case of the real topography of the extended study area of
the bays and H2 and T2 which correspond to the local hydrodynamic and transport processes (small scale). Moreover the simulations concerned sudden release and spreading of suspended and conservative particulate matter with
settling velocity.
3.2. Results of the model runs

We should point out that previous research in the channel
[1] showed that sea water currents based on model results
were in very good agreement with in situ measurements.
These model outputs were based on the same hydrodynamic model as that used in the present study (H1 model).
That observation constituted a concrete basis for the next
step of mass transport simulation. The following Table 1,
gives, for the three cases of wind forcing, men- tioned
above, (a) the produced sea level difference between the
two positions at which the channel extremities are located
as it is produced by H1 model and (b) the probability for a
particle to pass from the one bay to the other as it is produced by T2 (fine scale transport) model.

3.3 Model results for matter dispersion - Source of mass release: Harbor of Nea Moudania.

The model results, after an episode of sudden release of
particles in the area of N. Moudania Harbor are presented
here. The patterns of particle distribution resulted from the
simulations for steady flow caused by the different wind
conditions are depicted in the Figures 3-5, corresponding
to NW, W and SW winds respectively. These patterns refer
to the particles dispersion 1, 3, 5 and 7 days after the sudden mass release.
More specifically, in Figure 3, concentrations less than
0.1% of the initial released mass, seem to be recorded close
to the east opening of the channel after 1 day. These concentrations seem to remain at similar quantitative levels 3,
5 and 7 days after the initial release at the N. Moudania
harbor, however these amounts of mass are dispersed at a
slightly larger area northeastern of the channel i.e. along
the northwestern part of Toroneos bay. On the other hand,
particle concentrations along the east coasts of the external
Thermaikos bay seem to spread at quite larger areas, reaching concentrations of the order of 11.5 % of the total initial
released amount of mass 1 day after the release; these
masses are found at the eastern zones of the outer Thermaikos bay. 9.5% of the total mass is recorded 7 days after
the particles release, also at the same area. Similar patterns
of particle dispersion result also for the case of W as it is
clearly depicted in Figure 4.
Finally, accordingly to the foregoing cases, the particle
concentrations resulted 1, 3, 5 and 7 days after the release
in N. Moudania Harbor, under SW winds are depicted in
Figure 5. It is obvious that the difference in this case is focused on the slightly minor extent of the particles spread in
the northwest part of Toroneos bay. Moreover, the particle
concentrations seem to disperse in a more uniform way
reaching the values of 2.2% of the total initial amount of
mass 7 days after the release in N. Moudania Harbor.
The models results concerning the mass that crosses
the channel and moves to the other side of the two adjacent
bays are given in Table 2.
According to the model results given in Table 2, it
seems that SW winds move larger number of particles from
Thermaikos to Toroneos bay, in comparison with NW and
W winds; while NW winds move quite less particles than
the winds of the two other characteristic directions.

TABLE 1 - The probability for a particle to pass from Thermaikos to Toroneos, resulting from the sea level difference between the channel ends

SW

Δz
(between the two adjacent to the
channel meshes)
1.69 cm

probability -ptot
(particles that passed the channel divided by the total number of particles in model T2)  output of T2
0.0068

probability-p per Δt of T1
(input to T1)
k = time of T2/dt of T1
0.0068 / k

NW

0.65 cm

0.0035

0.0035 / k

W

1.76 cm

0.0070

0.0070 / k

Wind 10m/s
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FIGURE 3 - Distribution of particle concentrations (percentage % of the total mass) 1, 3,5 and 7 days (a, b, c, d respectively) after the mass
release in Moudania Harbor depicted with star (*) under NW winds

FIGURE 4 - Distribution of particle concentrations (percentage % of the total mass) 1, 3, 5 and 7 days (a, b, c, d respectively) after the mass
release in Moudania Harbor depicted with star (*) under W winds

3632

© by PSP Volume 24 – No 11. 2015

Fresenius Environmental Bulletin

FIGURE 5 - Distribution of particle concentrations (percentage % of the total mass) 1, 3, 5 and 7 days (a, b, c, d respectively) after the mass
release in Moudania Harbor depicted with star (*) under SW winds

TABLE 2 - Number of particles that passes from Thermaikos to Toroneos bay
Number of particles that
passed the channel in m days
Winds
of 10m/s
NW
W
SW

m =1

m=3

m=5

m=7

45
115
234

82
187
566

113
222
722

168
315
856

4. CONCLUSIONS
A methodology for the study of mass and pollutants
exchange between two adjacent basins connected by a
small channel, of dimensions much smaller than the grid
size used for the modeling of the basins, is developed. Classical 2DH models were applied for the description of the
hydrodynamics. A Lagrangian particles 3D model is used
to describe the advective and diffusive transport of matter.
Two fine grid, 2DH, models focusing on the hydrodynamics and mass transport of one-mesh-scale supply information of mass exchange between the two basins, due to
sea level differences produced by the large scale hydrodynamic model. That information, in the form of probability
of particles crossing the channel from one basin to the
other, was used in the large scale transport model. The
study was focused on the Potidea Channel, a small and nar-

row artificial channel that connects the two bays and its
role to the dynamics and fate of the particulate matter after
their initial outbreak at characteristic locations of Thermaikos Bay. It is obvious that particle concentrations at the
coastal areas of Toroneos bay after an episode of mass release at Thermaikos bay depend on several factors such as
specific sites of SPM release, wind direction and wind
speed as well as time period of the study events. The
coastal zone of N.Moudania Harbor, located only a few kilometers northwest of the channel was selected for the realization of the numerical experiments. The models were applied for SW, NW and W winds and showed that only a
minor amount of material crosses the channel and move
from Thermaikos bay to Toroneos. This material, which is
less than 0.1% of the initially released mass, reaches the
inner part of northwestern Toroneos bay in a time period of
some days. The simulations revealed also that SW wind
move larger amounts of mass from Thermaikos to Toroneos followed by W winds and finally by NW winds. The
spreading of those masses to bathing and touristic coasts in
Toroneos bay might be of special interest in case that small
amount of toxic particulate matter (e.g. toxic cells) can affect the swimmers’ health or the biodiversity of the coastal
environment. The methodology described in this paper can
also be applied to any other similar case worldwide i.e.
elsewhere in coastal basins connected with a small narrow
channel.
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ABSTRACT
Pyrolusite-doped walnut shell activated carbon (P/AC)
was prepared by a blending method. Four subsequent adsorption/regeneration of SO2 over prepared activated carbon samples were studied to evaluate its performance. The
initial sulfur capacity of P/AC was 257.4 mg/g, which was
62.3% higher than that of blank activated carbon. When
water-washed method was employed for activated carbon
regeneration, the sulfur capacity of the P/AC sample remained stable (around 169 mg/g) after the first two cycles
of regeneration/desulfurization, while for blank samples, a
consistent decrease of sulfur capacity was observed after
each cycle of regeneration. After the fourth cycle of regeneration, the sulfur capacity of blank AC was 109.6 mg/g,
which was 54.7% lower than that of the P/AC. This result
indicated that the P/AC sample prepared using the blending
method had the advantage of simple preparation process,
good desulfurization performance, and higher economic
value. The good desulfurization performance presented by
P/AC after few cycles of regeneration was mainly due to
the insignificant change of activated carbon surface properties and the relatively stable metal concentration that remained on the carbon samples, which kept relatively high
catalytic activity, even after cycles of regeneration.

KEYWORDS: Activated carbon, pyrolusite, sulphur dioxide, water
regeneration, physico-chemical properties

1. INTRODUCTION
Large amount of SO2 emitted by the combustion of
fossil fuels is the main reason for the formation of acid rain
and acid smog. Nowadays, many techniques are used to
control SO2 in order to reduce serious harm on humans and
plants. The adsorption of SO2 over activated carbon has
been proposed as a viable alternative due to its large surface
area, abundant micro-porous structure, low energy consumption, and oxygen-containing functional groups [1-3].
However, the low desulfurization capacity of common
* Corresponding author

activated carbon leads to a high status which restricts industrial application. For this reason, several methods were
studied and proven to be effective to improve the desulfurization performance of activated carbon by changing its
surface chemistry and porous structure, such as oxidation
treatment, reduction treatment, metals or metal oxides
loading, and electrochemical properties modification [4-8].
In our previous studies, pyrolusite was used as additive
for modifying walnut shell-activated carbon by the blending method [9, 10]. Pyrolusite is a natural ore widely distributed in China which has the composition of manganese,
iron and few other transition metals. With blending
method, it was able to achieve the uniform distribution of
additives throughout the carbon matrix using a relatively
simple preparation process [11]. According to the experimental results, significant increase in the desulfurization
capacity was observed for pyrolusite-doped walnut shellactivated carbon, which showed a promising future of this
novel catalyst in industrial applications.
The performance of activated carbon is not only about
its desulfurization activity, but also related to its desulfurization activity after the regeneration. Activated carbon regeneration using thermal method and water-wash method
are the two most common used regeneration methods. High
concentration SO2 are the main products using the thermal
method, and with the water-washed method, sulfuric acid
can be obtained [12, 13]. Water-washed method is widely
used in industrial application due to its relatively simple
process and low cost. However, the loss of loaded metals
and the change of surface properties were observed on activated carbon after regeneration. A lot of studies were carried out in this area, mainly focused on the activated carbon
prepared using the common impregnation method. However, the impact of regeneration on the pyrolusite-doped
activated carbon prepared by the blending method has not
been reported yet. Due to its difference in preparation process with the impregnation method, the desulfurization
performance and surface characterization of activated carbon prepared by blending/impregnated method after regeneration might also be different, such as the distribution of
additives on activated carbon after regeneration. Therefore,
the study on the desulfurization activity and regeneration
properties of this novel activated carbon is significant
meaningful for its industrial application.
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In this paper, the desulfurization performance and characterization of pyrolusite/AC in four subsequent adsorption/regeneration cycles were studied, and blank activated
carbon was employed to compare with P/AC. The experimental results showed that this novel activated carbon maintained stable desulfurization performance after regeneration
due to the catalytic activity of the loaded metals.
2. MATERIAL AND METHODS
2.1 Activated carbon preparation

Walnut shells used in this study were obtained from
Sichuan province, P. R. China. The main components of
pyrolusite were (wt. %): Mn 39.40, Fe 6.27, Al 4.31, Si 4.1,
Ca 1.30, and K 0.46. Firstly, walnut shells were crushed
into particles with the range from 0.14 to 0.28 mm. Then,
they were carbonized in an electric furnace (SX2-8-10P,
China) with N2 flowing for 1 h at 500 °C, ground and
sieved through a 200-mesh sieve, and mixed with pyrolusite powders which the additive dosage of 5 wt. %. Finally,
the formed carbonized chars were activated in an electric
furnace with CO2 at 850 °C for 2 h. The prepared activated
carbon was labeled as AC, and the sample doped with pyrolusite was labeled as “P/AC”.

ple after regeneration was named “AC-N” or “P/AC-N”.
”N” refers to the regeneration cycle. After drying at 105 °C
for 2 h, the sample was used for next SO2 removal.
2.3 Samples characterization

The Brunauer-Emmett-Teller (BET) surface area was
calculated by nitrogen adsorption–desorption isotherms at
77 K, with a vacuum volumetric sorption instrument (SSA4200, China), while the t-plot method was applied to calculate the micro-pore volume. X-ray photoelectron spectra
(XPS) were recorded on a XSAM 800 spectrometer (KRATOS Co., UK), which was used to determine the surface
chemical composition and functional groups on activated
carbon. X-ray diffraction (XRD) patterns were obtained
with an X’Pert Pro MPD diffracto-meter at 30 kV and 20
mA employing Cu-Kα radiation; the patterns were recorded over 2θ range 10-80° using a 0.02° step size and
compared to the X-ray powder files to examine the change
of metal crystals on activated carbon. The concentration of
metal ions in the eluate was determined by atomic absorption spectroscopy (Spectr AA 220FS, US).
3. RESULTS AND DISCUSSION

2.2 Adsorption/regeneration experiments

3.1 Desulfurization performance of samples in different adsorption/regeneration cycles

SO2 removal experiment was performed in a fixed bed
reactor (Φ21 mm×400 mm) at 80 °C and 1000 h-1. The
height of the activated carbon bed was 5 cm and the dosage
was 10.0 g. The mixed gas contained SO2 (3000 ppm), O2
(10%), water vapor (10%), and N2 as the balance. During
the adsorption experiment, the concentration of SO2 in the
inlet and outlet was monitored by a gas analyzer (Gasboard3000, China). It was treated as penetration when the outlet
SO2 concentration was 10% of the import. After SO2 removal, the sample was regenerated using hot water repeatedly until pH of the washed water became neutral. Then,
the total amount of washed water was calculated. The sam-

Curves of the relationship between the outlet SO2 concentration and desulfurization time of AC and P/AC in four
subsequent adsorption/regeneration cycles are shown in
Fig. 1, and the sulfur capacity results are listed in Table 1.
The breakthrough time of blank AC and P/AC was 10.6 h
and 17.3 h, respectively. During the four cycles of regeneration, the breakthrough time of blank AC continued to
decline, eventually reaching 7.3 h. On the other hand, the
breakthrough time of P/AC significantly decreased to 12.5 h
after the first adsorption/regeneration cycle, and then, decreased to 11.4 h after the second regeneration. After that,
the breakthrough time of P/AC remained stable.
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FIGURE 1 - Curves of the relationship between the outlet SO2 concentration and times of AC and P/AC in four subsequent adsorption/regeneration cycles.
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TABLE 1 - The sulfur capacity and breakthrough time of AC and P/AC in four subsequent adsorption/regeneration cycles.
Regeneration cycle
0
1
2
3
4

AC
Sulfur capacity (mg/g)
158.4
144.5
125.8
117.1
109.6

P/AC
Breakthrough time (h)
10.6
9.7
8.4
7.8
7.3

Sulfur capacity (mg/g)
257.4
185.8
169.5
167.5
169.5

Breakthrough time (h)
17.3
12.5
11.4
11.3
11.3

TABLE 2 - Texture properties of activated carbons.
Samples
P/AC
P/AC-1
P/AC-4

BET(m2/g)
642.5
654.3
631.4

Vtotal(cm3/g)
0.39
0.42
0.40

Vmic (cm3/g)
0.31
0.31
0.30

As observed from Table 1, the sulfur capacity of P/AC
was 257.4 mg/g, which was 62.3% higher than that of the
blank AC sample (158.4 mg/g). In our previous study, we
had explained that the better performance of P/AC was related to the synergistic effect of added transition metals,
which was conducive to the physico-chemical characteristics and higher catalytic activity of activated carbon for
desulfurization [9, 10]. After cycles of water regeneration,
the sulfur capacities of P/AC-1, P/AC-2, P/AC-3 and
P/AC-4 were 185.8, 169.5, 167.5 and 169.5 mg/g, which
were decreased by 27.8, 34.1, 34.9 and 34.1%, compared
with P/AC, respectively. And for blank AC sample, the sulfur capacities of AC-1, AC-2, AC-3 and AC-4 were 144.5,
125.8, 117.1 and 109.6 mg/g, which were decreased by 8.8,
20.6, 26.1 and 30.8%, compared with AC, respectively.
The decreasing trend in sulfur capacity of AC and P/AC
was similar in the first two cycles, but the sulfur capacity
of AC kept decreasing in the following two cycles, while it
appeared to be stable for P/AC. After four cycles of regeneration, the sulfur capacity of P/AC was 54.7% higher than
that of AC, and it was still 7.0% higher than that of AC
before regeneration. In the following sections, P/AC-1 and
P/AC-4 were selected to study the impact of water regeneration on the characterization of activated carbon.
3.2 Physical properties of samples

Table 2 describes the surface area, total and micropore
volumes, and average pore radius of P/AC, P/AC-1 and
P/AC-4. As observed from Table 2, there was no big difference among the three samples. The BET surface area of
P/AC was 642.5 m2/g. After the first adsorption/regeneration cycle, the BET surface area of P/AC-1 increased to
654.3 mg/g, which was 1.8% higher than that of P/AC. This
might be due to the removal of some impurities on the activated carbons by sulfuric acid [14]. With the increased
cycle of regeneration, the BET surface area of P/AC-4
reached 631.4 mg/g, decreased by 1.7% compared with
P/AC. The internal pore structure of P/AC-4 was damaged

Average pore radius (nm)
1.20
1.29
1.28

by subsequent desulfurization activity. A similar phenomenon was reported when thermal regeneration conducted on
copper-loaded activated carbon, and the BET surface area of
samples slightly increased first, and then decreased [15].
3.3 Chemical properties of samples

In this study, XPS was used to evaluate the influence
of water regeneration on surface chemical properties of activated carbon. Results of the C1s XPS spectra of P/AC,
P/AC-1 and P/AC-4 are shown in Fig. 2. The high resolution C1s peaks of P/AC, P/AC-1 and P/AC-4 can be deconvoluted into four individual component peaks which represented: graphitic carbon (peak 1, 284.6 eV) [1, 16], carbon
present in phenol, alcohol or ether groups (peak 2,
285.8±0.2 eV) [16], carbonyl or quinine groups (peak 3,
287.2 eV) [17], and carboxyl or ester groups (peak 4,
289±0.2 eV) [18]. The samples had similar C1s XPS spectra but different in content. As observed from Fig. 2, the
content of oxygen-containing functional groups of samples
was increased after water regeneration. The reason was that
defects, dislocation or discontinuities were left after treated
by sulfuric acid, which chemisorbed oxygen when molecular oxygen was introduced into the carbon surface [19].
Moreover, the relative proportion of C=O increased first,
and then decreased, but the relative proportion of C-O was
continuously increased. It was reported that functional
groups like C=O, being responsible for basic properties of
the carbon surface and having strong affinity for acidic
molecules such as SO2 [20]. Changes in the functional
groups were not the main reason for the change of desulfurization. Some studies have shown that the supported metals may be the active sites for adsorbing SO2 rather than
oxygen functional groups on the surface of AC [21].
X-ray diffraction was used to explore the distribution of
the active metals at the surface of the samples. XRD powder
patterns of P/AC, P/AC-1 and P/AC-4 before SO2 removal
are presented in Fig. 3. The broad diffraction peaks at 2θ =
24.0° and 44.0° were observed for all samples, which were
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FIGURE 2 - The binding energy patterns of C1s for P/AC (a), P/AC-1 (b) and P/AC-4 (c).

assigned to amorphous carbons [22]. This suggested that
the addition of pyrolusite did not destroy carbon supports
in the activation process. Each broad peak had different full
width at half maximum (FWHM) in Fig. 3; this was caused
by the presence of a different micro-pore wall structural
units [23]. For P/AC, the peaks at 2θ = 34.9, 40.6 and 58.7°
were attributed to the diffraction peaks of MnO (JCPDs 070230). The presence of MnO was obtained from the reaction between MnO2 and carbon matrix under the activation
temperature of 850 °C. The reason for the relatively weak
MnO peaks in P/AC was the uniform distribution of pyrolusite throughout the carbon matrix volume that was
achieved by the blending method. No visible iron oxide diffraction peak was found, probably due to the low content
of iron (0.31 wt. %) or dispersal uniformly over the surface
of the activated carbon. Furthermore, as metal catalysts remained in a lower content and formed the amorphous phase
after water regeneration, no visible diffraction peaks of the
corresponding metal oxide phase were found in XRD powder patterns of P/AC-1 and P/AC-4. For this reason, XPS
analysis was used to further clarify the catalytical species of
Mn and Fe on the surface of activated carbon.

P/AC-4
P/AC-1

MnO MnO
MnO

10

20

30

40

50

60

P/AC

70

80

2θ (°)
FIGURE 3 - XRD patterns of P/AC, P/AC-1 and P/AC-4 before SO2
removal.

Mn and Fe 2p core-level-spectra for P/AC, P/AC-1 and
P/AC-4 are shown in Fig. 4. The peak of Mn 2p3/2 for P/AC
before desulfurization in Fig. 4a at 642.1 eV was charac-
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teristic of Mn2O3 [24]. Combined with the results of XRD,
Mn2O3 and MnO coexisting on the carbon surface after activation, the BE of Mn 2p3/2 for P/AC after desulfurization
was 642.5 eV, which correspond to Mn4+ of MnO2 [25, 26].
The peak of Fe 2p3/2 for P/AC before desulfurization in Fig.
4b at 711.7 eV was characteristic of Fe2O3 [27, 28]. The
iron valence had not changed after the activation because
the decomposition temperature of Fe2O3 was much higher
than the activation temperature. After SO2 removal, the BE
of Fe 2p3/2 locates at 712.5 eV, which was assigned to ferric
sulfate [14].
The SO2 removal process mainly comprised three
steps. Firstly, the metal species in their reduced and intermediate states (MnO and Mn3O4) would be gradually oxidized and converted to active metal oxides with much
higher catalytic activity, and with the presence of O2 in the
desulfurization system. And then, these active metal oxides
reacted with SO2 in the desulfurization system to form SO3.
Finally, combined with H2O to form sulfuric acid and the
active metal oxides converted back to the lower state and
would be oxidized by O2 in the desulfurization system to
form active metal oxides again [29]. Therefore, the catalysis of these metal species was mainly due to their ability to
change electron valence.
The peak of Mn 2p3/2 for P/AC-1 and P/AC-4 before
desulfurization had not been observed from the binding energy patterns (not shown). Combined with the results of XRD,
the surface Mn had been completely flushed. The peak of Fe

2p3/2 for P/AC-1 in Fig. 4c was 712.0 eV, 711.5 eV for
P/AC-4 in Fig. 4d, being all characteristic of Fe2O3 [27,
28]. But for Fe, which was transferred from Fe2O3 to
Fe2(SO4)3 in the desulfurization process, was slightly dissolved in water and being washed out [30]. Consolidating
the results of XRD and XPS, the desulfurization performance of samples decreased rapidly, mainly due to loss of
a large number of metal catalysts.
The contents of Mn and Fe in the eluate during different regeneration cycles are listed in Table 3. A large number of manganese and iron was lost during the first regeneration of P/AC. Washout rates of Mn and Fe were 55.2
and 38.8%. During the second to fourth regeneration,
washout rate of Mn was stable, and the remaining Mn and
Fe stayed around 43 and 55%, respectively. No Mn 2p3/2
peak was found for regenerated samples from the XPS
spectra, indicating that the remaining Mn might adhesive
on the inner surface of activated carbon. This was the reason why the blending method was chosen to prepare activated carbon, as additives were only supported on the surface of activated carbon by impregnation. The P/AC sample kept a high desulfurization activity after the fourth cycle of regeneration, which was attributed to the stable surface properties of the sample. Besides, even though some
metal loss was observed after water wash regeneration, almost half of the Mn and Fe remained on the sample surface,
which would still keep relatively high catalytic.
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FIGURE 4 - Mn (a) and Fe (b) 2p core-level spectra for P/AC (1 before, 2 after desulfurization), Fe core-level spectra for P/AC-1 (c) and P/AC4 (d) before desulfurization.
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TABLE 3 - The contents of Mn and Fe in the eluate in different regeneration cycles.

Regeneration cycle

Volume of eluate
(L)

1
2
3
4

1.5
1.6
1.4
1.3

Concentration
(mg/L)
72.5
1.2
0.5
1.1

Mn
Washout rate
(%)
55.2
1.0
0.3
0.8

4. CONCLUSIONS
Activated carbon loaded with pyrolusite showed better
performance in flue gas desulfurization, compared with
blank activated carbon (with 62.3% higher sulfur capacity).
Sulfur capacity of P/AC decreased after the first two cycles
of regeneration and became relatively stable in the following adsorption/regeneration cycles, while the sulfur capacity of blank samples kept decreasing significantly after all
four cycles of regeneration. The sulphur capacity of P/AC4 was 54.7% higher than that of AC-4, and it was still 7.0%
higher than that of AC. The relatively stable desulfurization performance of pyrolusite-loaded activated carbon after cycles of regeneration was mainly due to the insignificant change of activated carbon surface properties and the
stable metal concentration that remained on the activated
carbon sample.

Remained
(%)
44.8
43.8
43.5
42.7

Concentration
(mg/L)
8.1
0.8
0.4
0.2

Fe
Washout rate
(%)
38.8
4.0
1.8
0.9

Remained
(%)
61.2
57.2
55.4
54.5
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(PSAC) for simultaneous removal of SO2 and NOx. J. Hazard.
Mater., 176, 1093-1096.
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EFFECTS OF NITROGEN STARVATIONS ON CELL GROWTH,
PROTEIN AND LIPID AMOUNT OF Chlorella vulgaris
Nur Agirman and A. Kadri Cetin*
Department of Biology, Faculty of Science, Firat University, 23119 Elazig, Turkey

ABSTRACT
The objective of this study was to examine the effects of
the changes in nitrogen amount in the culture medium on the
protein and lipid amounts of Chlorella vulgaris. It was observed that nitrogen starvation does not have significant effect on the cell division of Chlorella vulgaris. Protein and
lipid values of C. vulgaris were found as 69.20 µg/ml and
10.5% for control cultures, 56.75 µg/ml and 12.4 % for
25% nitrogen starvations and 54.35 µg/ml and 13.6 % for
50% nitrogen starvations. It was also determined that nitrogen deficiency causes lipid accumulation in Chlorella vulgaris and that the lipid amount has increased by about
80 %. The highest lipid content was observed in the maintained culture with 50 % nitrogen starvations. The low nitrogen medium induces higher lipid accumulation. It was
concluded that nitrogen stress changes carbon flow from
protein synthesis to lipid synthesis thus causing lipid accumulation in Chlorella vulgaris.
KEYWORDS: Chlorella vulgaris, Nitrogen Starvations, Lipid accumulation, Protein amount

1. INTRODUCTION
The valuable metabolites that algae store in the cells
are widely used as preservatives in foods, animal fodder,
fertilizer, food dye, cosmetic industry as well as in waste water treatment systems due to their metal binding abilities [14]. Environmentally friendly and renewable energy sources
are sought in recent years as a result of the environmental
problems caused by fossil fuels. Current studies have focused on the determination of species that can generate
suitable biomass and provide high energy output instead of
the traditional fossil fuels. To this end, microalgae attract
attention in biofuel and biotechnological studies. Their
growth rate and lipid content make microalgae very advantageous in this field in comparison with other plant products [5-7].
The facts that microalgae have simple nutrient needs,
that they can be developed almost anywhere with sunlight,
that they have high photosynthesis abilities and short re* Corresponding author

production periods lead us to think that they are very promising raw materials for biodiesel production [8, 9]. The photosynthesis efficiency of microalgae is very high in comparison with land plants and they are also organisms with high
lipid content. It is observed that the lipid ratio in algae generally varies between 20 % - 50 %, that in some species the
lipid ratio is about 80 % of the dry weight thus leading to
an increased biotechnological use of microalgae biomass
for biofuel production [5, 10, 11].
Microalgae undergo various morphological and biochemical changes as a strategy to survive under extreme
conditions of nutrient deficiency, high light intensity or
high salt concentration. Whereas a significant biomass increase is attained in microalgae with a high growth ratio,
those that are grown under high stress conditions generally
accumulate high amounts of lipid [9]. Many studies have
been carried out on how to attain growth rate increase in
algae species [9, 12-14]. It is stated that the lipid content,
nutrient elements [15-17] and metal content of microalgae
vary in accordance with different factors.
A significant portion of the algae used in biotechnological studies is fresh water microalgae that are included
in the green algae group. Target species for biomass production are generally preferred from among those the life
cycles of which are known, which have high cell division
rates, high protein content and rich in terms of metabolites.
Chlorella vulgaris is a green single cell fresh water algae.
High protein, vitamin, mineral matter and lipid content has
made Chlorella vulgaris biotechnologically significant.
When compared with other microalgae, it has a high
growth ratio and high lipid content and thus it is thought
that it can be counted among the renewable sources for alternative fuel production [13, 15].
The objective of this study was to determine the changes
that nitrogen starvation will cause in Chlorella vulgaris in
terms of biomass, lipid and protein amount.
2. MATERIAL AND METHODS
2.1 Microalgae cultures

Chlorella vulgaris was collected from Keban Dam
Lake. C. vulgaris was separated from water samples by micropipettes in the laboratory. C. vulgaris samples were in-
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oculated to Jaworski medium. The medium consisted of the
following components (per litre of distilled water): 36 mg
Na2HPO4.12H2O, 80 mg NaNO3, 12.4 mg KH2PO4, 20 mg
Ca(NO3)2.4H2O, 50 mg MgSO4. 7H2O, 15.9 mg NaHCO3,
2.25 mg EDTAFeNa, 2.25 mg EDTANa2, 2480 µg H3BO3,
1390 µg MnCl2.4H2O, 1000 µg (NH4)6Mo7.4H2O, 40 µg
cyanocobalamin (B12), 40 µg thiamin (B1), 40 µg biotin.
The experiment was performed in 25 and 50 % nitrogen
starvation according to amount in Jaworski medium. The
control culture groups, at which the original Jaworski medium was used, were also formed. The culture medium was
sterilized at 121°C temperature and 1 atmospheric pressure
for 15 min.
Chlorella vulgaris was inoculated to 250 mL Erlenmeyer flasks with 100 mL fluid culture medium. The Erlenmayers were subject to 55 µmolphoton m-2s-1 light intensity with18 hours light and 6 hours dark period at a temperature of 23 ± 1ºC. 10 mL samples were taken from the
cultures that reached a certain density which were then inoculated to the culture medium with nitrogen starvation
and left to develop under 55 µmolphoton m-2s-1 light intensity with a period of 18 hours light and 6 hours dark at a
temperature of 23 ± 1ºC. The Erlenmeyer were shaking to
three times at a day (without CO2 addition). The control
was carried out in cultures with 25 % and 50 % nitrogen
starvation for a period of ten days during which cell number, protein and lipid analyses were carried out with three
repetitions.
2.2 Cell number determination

The algal cell number was calculated by measuring the
optical density at 500 nm using a visible density spectrophotometer. A standard curve relating to optical density
was produced, which was subsequently used to calculate of
individual number based on their optical density. The calculated individual number (as the average of three experiments) was used to construct growth curves. The relationship curve between OD 500 nm and cell number was plotted, and the cell number was obtained by regression [13].
2.3 Protein determination

Lowry method was used for total protein determination. Accordingly, a 1mL sample was taken after which 0.1
mL Deoxycholate (DOC) solution was added which was
then left to wait at room temperature for10 minutes. 0.1 mL
Trichloroacedic acid (TCA) was then added and centrifugation was carried out at 7500 rpm for 10 minutes, the supernatant part was left to wait for another 20 minutes at
room temperature after adding 1 mL Lowry solution to the
pellet. Afterwards, 1 mL folin reagent was added, left to
wait for 30 minutes and the absorbance values at 750 nm
wavelength were read after which the results were evaluated using the standard curve [18].
2.4 Total lipids determination

Total lipids determination was carried out via Bligh
and Dyer method [19]. 0.2 g sample was taken after which

a mixture of 40 mL methanol and 80 mL chloroform was
added followed by an addition of 20 mL 0.4 % CaCl2. The
mixture was filtered through filter paper and left to wait for
a night in darkness. The part consisting of methanol and
water was separated using a separating funnel the next day
and chloroform was evaporated in a water bath at 60 ºC.
The remaining part was left to wait in a drying oven at 90
ºC for 1 h thus evaporating chloroform completely after
which weighing was carried out. The total lipids determination was made according to the following formula:
%lipid content =

Weight of extracted lipid
×100
Weight of dried biomass

3. RESULTS AND DISCUSSION
Majority of the studies carried out on algae today aim
to determine the factors that are effective on cellular development and metabolites. Especially, the studies that examine the stress factors acting on the protein and lipid increase
in algae attract attention [9, 14, 20].
In this study, the effects of nitrogen starvation on cellular development, protein and lipid amounts were examined. The C. vulgaris development in cultures that are subject to nitrogen stress has been given in Figure 1. It has
been observed that cellular development increases regularly in control cultures and that cell growth is faster in cultures subject to nitrogen stress in comparison with the control culture. Control and nitrogen starvation was carried out
until the sixth day during which the cell number was determined in all cultures as 337.300 cells/mL following inoculation and it was observed that cell growth rate was similar
in all cultures that were subject to stress. However, it was
observed on the eighth day that cell growth rate was much
greater in groups subject to nitrogen starvation in comparison with the control group and it was determined that cell
growth continued to be faster in cultures subject to nitrogen
stress until the tenth day (Fig. 1). On the tenth day, the cell
numbers of C. vulgaris were counted as 1.537.300 cell/ml
for control cultures, 1.677.300 cell/ml for 25% nitrogen
starvations and 1.797.300 cell/ml for 50% nitrogen starvations. The cell numbers of C. vulgaris were considerably
higher for low nitrogen starvation (50% nitrogen starvation).
The results acquired from this study forth that cell growth is
greater in cultures that are subject to nitrogen stress. Illman
et al. [15] stated that nitrogen starvation affects cell division
thus increasing the rate of cell growth. Feng et al. [21] stated
that Chlorella development is supported in liquid cultures
with low nitrogen concentration and that the reason for this
might be the trace amount of nitrogen in the medium. Saha
et al. [22] reported that Chlorella growth is faster in cultures with low nitrogen content. The results obtained from
our study are related with the existence of nitrogen in the
liquid culture medium which is required for cellular growth.
Chlorella development will be hindered in case nitrogen is
completely removed from the medium.
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FIGURE 1 - Effects of nitrogen starvations on the growth of Chlorella vulgaris

In this study, it was observed that cell numbers of C.
vulgaris to which nitrogen starvations (especially 50% nitrogen starvation) was treated increased. It was determined
as a result of this study that low nitrogen amount in stress
environment supports cell division. The results acquired
from the study are in accordance with the relevant literature.
The lipid amount of Chlorella vulgaris grown in cultures subject to control and nitrogen stress is shown in Figure 2. The lipid amount on the day of inoculation was determined as 7.6 % in cultures with 25 %, 50 % nitrogen
starvation as well as in the control cultures. It was observed
that lipid amount in C. vulgaris grown in cultures with nitrogen starvation applied from the first day increased faster
in comparison with the control group (Fig. 2). The lipid
amounts in control cultures on the second day were recorded as 7.7 % and as 8.5 % in cultures subject to 25 %
nitrogen starvation whereas it was recorded as 8.8 % for
cultures with % 50 nitrogen starvation. The increase in the
lipid amount continued on the third day as well and it was
determined as 8.1% in control cultures, as 9.6 % in cultures
with 25 % nitrogen starvation and as 9.7 % in cultures with
50 % nitrogen starvation. The increase in lipid amount continued regularly in both control cultures and in cultures
subject to nitrogen starvation. However, the increase in lipid amount was greater especially in cultures subject to nitrogen starvation. The lipid amount on the tenth day was
determined as 10.5 % for the control culture, as 12.4% for

cultures with 25 % nitrogen starvation and as 13.6 % for
cultures with 50 % nitrogen starvation. The effect of 25 %
and 50 % nitrogen starvation on the lipid amount of Chlorella vulgaris is shown in Figure 2. Whereas lipid increase
ratio in the control group was determined as 38.1 % in the
analysis carried during the ten days following inoculation,
lipid increase ratio in the control culture was 25 % and 63.1 %
in the cultures subject to nitrogen starvation. It was also determined that the increase ratio was 78.9 % in cultures subject
to 50 % nitrogen starvation (Fig. 2). It is stated that the dry
weight of the lipid ratio in some Chlorella species is about
30 % [5]. Hamedi et al. [20] and Tan and Lin [23] have
reported that lipid accumulation increases in algae that are
grown in cultures subject to nitrogen starvation. Illman et
al. [15] and Sheehan et al. [24] reported that lipid content
increase from 20 % to about 40 % during nitrogen starvation. It is stated that the lipid content of microalgae may be
increased with environmental stress factors such as nitrogen. It has been determined in our study that the lipid
amount increased by 80 % during the experiment in cultures that were subject to 50 % nitrogen starvation. Lipid
accumulation is expressed as a response to stress in microalgae [14, 20, 23, 25].
Proteins are the building blocks of living organisms.
About 50 % of the dry weight of Chlorella vulgaris is made
up of protein [26]. The protein amount of Chlorella vulgaris grown in control culture and cultures subject to nitrogen starvation are shown in Figure 3. It was observed on
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FIGURE 2 - Effects of nitrogen starvations on total lipid content of Chlorella vulgaris
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the day of inoculation that the protein amount in the cultures
was 35.039 µg/ml. The protein amount was 53.251 µg/ml on
the second day in control cultures, 40.893 µg/ml in cultures
with 25 % nitrogen starvation and 41.844 µg/ml in cultures
with 50 % nitrogen starvation. Protein increase continued
in the control culture and reached 69.200 µg/ml on the
tenth day. Whereas protein increase was more insignificant
in cultures subject to nitrogen starvation in comparison
with control cultures and it was determined on the tenth
day as 53.194 µg/ml for cultures subject to 25 % nitrogen
starvation and as 52.950 µg/ml for cultures subject to 50 %
nitrogen starvation. When the cultures subject to nitrogen
starvation are compared with the control group, it has been
observed that the protein amount decreases after the eighth
day (Fig. 3). Whereas the protein increase in the control
group of our study was about 97.4 % after the trial, the increase ratio in cultures subject to 25 % nitrogen starvation
was 51.8 % and it was 51.1 % in cultures that were subject
to 50 % nitrogen starvation.

in the cell number and lipid amount but resulted in a decrease in the protein amount as well. As a result of the experiments, it was determined that the cell number in cultures with 50 % nitrogen starvation increased by about
432.8 % whereas the lipid amount increased by 77.6 %.
The number of cells was observed to increase by 355.7 %
in control cultures and the lipid amount increased by 38.1
%. The fact that lipid amount increases significantly in
Chlorella vulgaris subject to nitrogen stress shows that it
will be an important organism among the other microalgae
that can be used to generate biofuel.

Nitrogen is accepted as the most important nutrient element for microalgae since it is required for the synthesis
of organic material such as protein, chlorophyll and nucleic
acids. It was observed in this study that nitrogen starvation
changes cell division rate to a certain extent. It was observed in cultures subject to nitrogen starvation in comparison with control cultures that the protein amount decreased by about 16.2 %. Significant lipid amount increase
was observed in Chlorella vulgaris cultures that were subject to nitrogen stress. Similar results were also reported in
previous studies [9, 13, 28]. Whereas nitrogen deficiency
decreases protein synthesis and cell division, it also causes
lipid synthesis increase. Sheehan et al. stated that if nitrogen is non-existent in the medium the carbon flow from
protein synthesis to lipid synthesis changes thus causing an
increase in lipid in microalgae [24]. It was determined in
our study that 50 % nitrogen starvation causes a significant
increase in lipid amount.

The authors have declared no conflict of interest.
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ABSTRACT
Crop production is significantly limited by waterlogging especially in high rainfall and poorly drained regions
in the world. Hence, breeding for waterlogging tolerance
to increase production is one of the main objectives of
breeders. Similar to other abiotic stress tolerances, the tolerance to waterlogging is a complex trait and difficult to
select for in breeding programs. Marker assisted selection
has been an effective method for crop improvement by utilizing markers closely related to target traits combined with
accurate phenotyping of key factors. In the present study,
two bread wheat (Triticum aestivum L.) F2:3 populations
(‘Dogankent’ x ‘Ducula-4’ and ‘Ducula-1’ x ‘Seri-82’) derived from susceptible cultivars (‘Dogankent’ and ‘Seri-82’)
and tolerant (‘Ducula-1’ and ‘Ducula-4’) lines were treated
with four weeks of waterlogging and screened in two different locations. Additionally, 32 expressed sequence tags
and 210 microsatellite markers were screened for analysis
of marker trait associations; of which less than %20 (45) of
those markers were polymorphic between parents of both
populations. Tolerance, yield and quality related traits including plant height index, tillering index, adventitious
root formation, heading date, tolerance scoring index, total
kernel number and thousand kernel weight were identified
to be mostly affected by environment. Marker - trait analyses identified markers significantly associated with waterlogging tolerance as well as yield and quality component
traits. In the ‘Dogankent’ x ‘Ducula-4’ derived population,
two markers explaining more than 10% of the total variance
for adventitious root formation and thousand kernel weight
were detected both on chromosomes 3DL (Xgwm645) and
4AL (Xgwm160). This is one of the first studies revealing
markers linked to the tolerance related traits in spring
wheat under waterlogging conditions.

* Corresponding author; # These two authors contributed to study equally

1. INTRODUCTION
Waterlogging is described as the saturation of the
soil with water around the plant roots, and is one of the
most important constraints to crop production [1, 2]. About
10 million hectares of arable land in the world undergo waterlogging on an annual basis due to lack of soil drainage,
irregular topography and/or excessive rainfall [3]. As in
many crops, waterlogging also severely reduces grain yield
of wheat, with reductions up to 50% reported in the United
Kingdom, North America and Australia [4]. Early spring
rains cause severe yield losses in spring and facultative
wheat in the East Mediterranean Region. Amik Plain frequently undergoes flooding and wheat yield losses, due to
waterlogging, can be as high as 5 million US Dollars in that
region (Hatay, Turkey, Directorate of Provincial Food Agriculture and Livestock, 2009). Different traits have been
used as indirect selection indices for waterlogging tolerance. Leaf chlorosis is among them, and is one of the major
waterlogging indices used by researchers in wheat (Triticum spp.) [5-7]. Prolonged waterlogging stress decreases
yield, spike number per m2, seed weight and number per
spike, protein content, and chlorophyll a and b; and causes
an increase in proline content [8]. Adventitious root formation (ARF) on the soil surface has also been an important adaptation factor to waterlogging conditions and
several crops such as maize [9], Italian ryegrass [10], barley [11] and wheat [12] form such roots to resist waterlogging. Under waterlogging conditions, adventitious roots increase in wheat while the number of tillers decrease [12].
It has also been reported that waterlogging reduces the
tiller numbers under waterlogging conditions [13]. Therefore, multiple traits appear to be involved in waterlogging
tolerance and are likely determined by several quantitative
trait loci (QTL).
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Boru et al. [7] has reported that waterlogging tolerance is determined by four genes with additive effects using F3 populations derived from susceptible (‘Seri-82’
and ‘Kite/Glen’) and tolerant (‘Ducula’, ‘PR1/Sara’, and
‘Vee/Myna’) lines. There seems to be a great variation in
wheat cultivars for waterlogging tolerance and it is highly
heritable trait in different environments [5, 7, 14, 15].
Seeking for new sources for tolerant traits may be a better
strategy to improve waterlogging tolerant cultivars. Ballesteros et al. [16] identified 48 QTL regions related to waterlogging tolerance in field and greenhouse conditions using
soft red winter wheat cultivars.
The objective of this study was to identify SSR and
EST markers associated with traits under waterlogging
conditions using two different F2:3 populations derived
from spring bread wheat crosses of tolerant lines and susceptible cultivars. This is the first report to identify markers associated with traits related with waterlogging tolerance as well as a yield component and a quality traits in
spring wheat cultivars and lines.

2. MATERIALS AND METHODS
2.1 Plant materials

In the present study, 162 F2:3 individuals derived from
crosses ‘Dogankent’ (susceptible cultivar) and ‘Ducula-4’
(tolerant line); and 210 F2:3 individuals derived from
crosses ‘Ducula-1’ (tolerant line) and ‘Seri-82’ (susceptible cultivar) were grown in two environments (Reyhanli
and Antakya Provinces, Turkey) in the East Mediterranean
conditions. In earlier studies Ducula sister lines were found
to be tolerant to waterlogging while ‘Seri-82’ was susceptible [7,17]. In our previous unpublished study ‘Dogankent’ observed to be susceptible to waterlogging in field and
greenhouse conditions. This cultivar also showed to physiologically susceptible response to waterlogging compared
to ‘Ducula-4’ [18]. Pedigree information of the parents are
presented in Table 1. For simplicity crosses of ‘Dogankent’
x ‘Ducula-4’ and ‘Ducula-1’ x ‘Seri-82’ will be presented
as DoD4 and DS82, respectively.
TABLE 1 - Pedigree information of the parents

2.2 Experimental treatments and Agronomic measurements

Plants were grown in net houses in two environments
(Antakya and Reyhanli provinces, Turkey) with trait
measurements taken before and after waterlogging treatment, accordingly. The experimental design was an incomplete block design with three replications. Until waterlogging treatment, plants in pots were watered at field
capacity, then two net-houses, in which pools were established, were used for growing F2:3 populations in Reyhanli and Antakya Provinces. There were three seedlings
in each 2 L pot filled with 2:1:1 volume of soil: peat
moss: sand mixture. Plants were grown in the pools and
were submerged in the water up above the 2-3 cm from
the soil surface [19] for four weeks during the Zadoks
scale 14-16 depending on the individuals. Additional water was added daily to maintain waterlogging above the
soil level. After waterlogging treatment, plants were
rested until the water was drained. After draining the excess water, plants were watered as needed until harvesting. Waterlogging performed using well water within the
experimental site.
Adventitious root formation (ARF) scores (0= no
ARF, 5= more than 5 ARF) were recorded by counting adventitious roots after waterlogging treatment. Tolerance
scoring was performed by giving scores from 0= the most
sensitive to 4= the most tolerant. Tolerance scoring was
performed before and after waterlogging treatment and an
index (Tolerance scoring index: TOLINX) was obtained
using the formula below. Sensitive plants showed chlorosis
on leaves, stunted and weak development. Heading date
(HD; days after waterlogging treatment), total kernel numbers per spike (TOKNO) and thousand kernel weights (g)
(TKWT) were also measured. Plant height (cm) was recorded before and after waterlogging treatment to create an
index (PHINX) using the same formula below. Tillering
index (TILLINX) was obtained by counting the tiller numbers before and after waterlogging and index values obtained using the same formula below. TILLINX was transformed using Arcsin (squareroot(x)).
Index= ((BWM-AWM)/(BWM+AWM)) x 100; where
BWM and AWM are the measurements before and after
waterlogging.

Parents

Pedigree

2.3 DNA isolation and Marker analysis

‘Ducula-4’

HUACAMAYO/TI-RESEL/3/ARTHUR*2/SIETECERROS-66//NACOZARI-76/4/ICTA-SARA82[1281];
FLICKER/HORK[2850];

Genomic DNA obtained from leaf samples was extracted using a CTAB method [20] with minor modifications. Genomic DNA was quantified on nanodrop
(ACTGene UVS - 99, NJ, USA), at A260/280 nm. The quality
was confirmed on 0.8% agarose gel. PCR analysis was performed in 25 µl reaction volumes, contain 50 ng of genomic DNA, 1.5 mM MgCl2, 2 µM of each primer pair,
1 U of Taq polymerase, and 2 mM of dNTPs in 10X reaction buffer. PCR amplifications were carried out using Multigen® Thermal Cycler (Labnet International, NJ, USA)
with an initial denaturation for 5 minute at 94 °C, then
35 cycles: 60 s denaturation at 94 °C, 30 s annealing at 4560 °C depending on the melting temperature of primers;

‘Dogankent’
‘Ducula-1’
‘Seri-82’

HUACAMAYO/TI-RESEL/3/ARTHUR*2/SIETECERROS-66//NACOZARI-76/4/ICTA-SARA82[116][706];
KAVKAZ/(SIB)BUHO//KALYANSONA/BLUEBIRD[114][144];

For DNA isolation; 3-5 g of leaf tissue of F2 plants
were harvested and kept at -20°C. Remaining plants were
grown and grains were harvested to produce F2:3 population. Weather data are depicted in Fig.1.

3650

© by PSP Volume 24 – No 11. 2015

Fresenius Environmental Bulletin

Reyhanli
90,00
80,00
70,00
60,00
50,00
40,00
30,00
20,00
10,00
0,00

RH
T max
T min
T mean
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FIGURE 1 - Maximum (T max), minimum (T min), mean temperature (T mean) in °C and relative humidity (RH) during growth season of
2008-2009 in Reyhanli and Antakya Provinces, Turkey.

1 m extension at 72 °C and final extension for 10 minutes
at 72 °C. Amplified PCR products were electrophoresed on
3% ‘Nu Micropor agarose (Prona, EU) agarose gels containing 1X TBE buffer (Tris Borate EDTA). The genomic
DNA was stained with 1 µg/mL EtBr. The gels were run at
140 V for 80 minutes. Gel photos were taken under UV
light using DNR MiniLumi (DNR MiniLumi, Israel) gel
documentation system.
We selected 32 EST markers from gene fragments expressed under anaerobic conditions [21]. We designed primers for those gene fragments using Primer 3 software [22].
At least 5 markers representing at least one chromosome arm
of each wheat genome were selected from the literature [23,
24] and grain genes database (http://wheat.pw.usda.gov).
Therefore, a total of 242 markers were used to screen the
parents for polymorphism.

2.4 Statistical analysis

Data was analyzed using PROC MIXED in SAS 9.3
(SAS Institute Inc. 2011, Cary, NC). Locations and genotypes were considered as fixed and blocks nested within the
environments were random allowing for the detection of
significant differences between means. Homogeneous error between the experimental sites allowed for data to be
analyzed in a combined analysis. Broad sense heritability
was estimated from the variance components using TYPE
III sum of squares with all effects including genotype
treated as random, using the formula:
H=σ2G/[σ2G+σ2GE/r+σ2e/re]
Where H, σ2G, σ2GE, σ2e are broad sense heritability,
genotypic variance, genotype by environmental variance
and error variance, and e and r are the numbers of environments (n = 2) and replications (n = 3), respectively [25, 26].
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Pearson’s correlation using PROC CORR and principal
component analysis (PCA) using the PRINCOM procedure
in SAS were used to determine associations among the
measured phenotypic traits. The contributions of each variable to the first two principal components are depicted using biplots.

both ones. Tolerances scoring had moderate heritability
value in DoD4 population and lower in the DS82 population.
Heritability values were generally higher in DoD4 than were
DS82 since genotypic variances were higher than genotype
x environment variances in the former.
3.1 Associations among the measured traits

2.5 Genetic Mapping

Linkage relationships among markers were determined by maximum- likelihood analysis of the segregation
pattern using the computer software program Mapmanager
QTX [27]. Simple linear regression was performed using
the computer program QGENE v.4.3.8 [28] to determine
significant associations between markers and the phenotypic data of each line. For normality analysis Kolmogorov-Smirnov test was used. For simplicity, Likelihood ratio
statistics (LRS ) scores were converted into Logarithm of
odds (LOD) value by a direct transformation where LRS=
4.6 x LOD [29]. Only significant LOD scores (>2.0) were
interpreted to indicate co-segregation of putative QTLs for
the traits and genetic markers.

3. RESULTS
The genetic variation between parents varied depending on the genotypes. ‘Dogankent’ had significantly higher
TOTKNO, TOLINX, TKWT, TILLINX, PHINX than
‘Ducula-4’, which had longer HD than ‘Dogankent’ parent (p<0.05). As for the parents of the second population,
TOLINX, TILLINX, PHINX were higher in ‘Ducula-1’
while HD was higher in ‘Seri-82’ (p<0.05). No genotype x
environment interaction was observed between parents. For
the F2:3 population of DoD4, there was significant variation
among genotypes for all traits except for TILLINX, no interaction was observed for TILLINX and HD (Table 2).
For DS82 population, genotypes significantly differed in
terms of all traits with the exception of TOTKNO, TOLINX
and no interaction was observed for TILLINX (Table 2).
Broad sense heritability values were moderately high for HD
for both mapping populations while TILLINX was low for

Principal component (PC) analysis was performed to
examine associations between phenotypic traits. The first
two principal components accounted for 47 and 49 % of
the total variation for the measured traits in the DoD4 and
DS82 populations, respectively (Fig. 2). The Principal
component 1 (PC1) explained 26 % of the total variation
and was negatively associated with HD and TKW while it
was positively associated with other traits in DoD4. PC2 in
the DoD4 contributed 20 % of the variation and was positively associated with PHINX and TKWT while negatively
associated with other traits. PC1 in the DS82 explained 29
% of the variation and was negatively associated with ARF,
HD, TOLINX while positively associated with other traits,
whereas PC2 was negatively associated with HD and positively associated with other traits. In DoD4, PCA biplots
formed three clusters: 1) TOLINX, ARF, TILLINX, TOTKNO, 2) PHINX, TKWT, and 3) HD whereas in DS82
three clusters involved 1) PHINX, TKWT, TILLINX, 2)
TOTKNO, ARF, TOLINX, and 3) HD.
The PCA grouping of variables was further supported
by significant positive or negative correlations between the
variables, as revealed by correlation coefficients (Table 3).
A negative correlation was found between HD, TILLINX
and PHINX in both DoD4 and DS82 populations. There
was significant positive correlation between TILLINX and
TOTKNO, between ARF and TOLLINX, and between
TILLINX and TOTKNO in DoD4. There was also significant negative correlation between HD and ARF, and between HD and TKWT while significant positive correlation existed between ARF and TILLINX, and between
TOTKNO and TILLINX in DS82. Significant positive correlations were observed between TILLINX and TOTKNO,
in both populations.

TABLE 2 - Trait means and analysis of variance for mapping populations
‘Ducula-1’ x ‘Seri-82’ population

‘Dogankent’ x ‘Ducula-4’ population
Mean Squares
traits

Mean

2

H

E

Mean Squares
G

GxE

Mean

2

H

E

G

GxE

TOTKNO

98.58

0.33

77017**

2067**

1610*

108.54

0.10

138090*

1996

1449

TOLINX

3.15

0.35

877.7**

113.6**

102.3**

2.17

0.06

29.56*

0.285

0.232

TKWT

19.60

0.44

42881**

79.73**

50.75*

18.35

0.24

60297**

61.92**

61.37*

TILLINX

10.07

0.13

106.3**

0.694

0.658

10.16

0.19

3.081

1.019*

0.765

HD

8.12

0.66

146.7*

35.23**

12.03

9.75

0.74

113.1*

57.51**

15.85*

ARF

2.16

0.35

116.9**

2.135**

1.805**

2.41

0.20

116.9**

1.282**

1.188*

PHINX

39.95

0.35

336.7**

71.99**

54.36*

39.41

0.38

9547**

76.73**

59.52**
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(a)

(b)

FIGURE 2 - PCA plots of phenotypic traits measured in a) DoD4 mapping population and b) DS82 mapping population.

TABLE 3 - Phenotypic correlations (r) among traits in both DoD4 (upper diagonal) and DS82 (lower diagonal) mapping populations.
PHINX

TILLINX

ARF

HD

TOLINX

TOTKNO

TKWT

PHINX

1.000

-0.052

0.022

-0.341**

0.118

-0.038

0.108

TILLINX

0.210*

1.000

-0.092

-0.166*

-0.006

0.313**

-0.178

ARF

-0.015

0.045

1.000

-0.066

0.397**

0.134

-0.170

HD

-0.490**

-0.353**

-0.249**

1.000

-0.198

-0.330**

-0.280**

TOLINX

-0.095

0.052

0.138*

-0.117

1.000

0.182*

-0.251**

TOTKNO

0.046

0.164*

0.175*

-0.393**

0.205**

1.000

-0.124

TKWT

0.235**

0.043

0.029

-0.279**

-0.074

-0.115

1.000

** and * denotes significant correlation between variables at p<0.01 and p<0.05, respectively.

3.2 Marker association with traits

For marker analysis, a total of 32 EST markers designed from gene fragments expressed under anaerobic
conditions [21] and 210 SSR markers were screened for
polymorphism between parents and 25 markers were polymorphic for DoD4, 17 markers were polymorphic for
DS82 parents. Most of the traits were normally distributed
and suitable for marker trait analysis for both populations.
3.3 Marker analysis of DoD4 mapping population

Single marker analysis showed that 17 SSR and one EST
markers were found to be significantly associated with at least
one of the 7 phenotypic traits studied in DoD4 (Table 4a).
PHINX was significantly associated with Xgwm372 ex-

plaining 6 % of phenotypic variance in Antakya region.
TILLINX were mostly associated with Xbarc126 explaining 7-8% of the phenotypic variance. ARF was mostly associated with Xgwm645 and Xgwm312 explaining, respectively, 11 and 10 % of the total phenotypic variation in
Reyhanli environment while in Antakya and combined environment Xbarc126 explained 6% of the variation. HD
was mostly associated with Xbarc133 explaining 7-9% of
the variation in Reyhanli and combined environments. The
EST marker Xenol also explained 6% of the variance.
TOLINX was only associated with Xgwm369 explaining
6% of the variation in combined environment. A yield and
quality trait total kernel weight was associated with
Xwmc722, Xwmc776, Xgwm160 and Xgwm428 explaining
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9, 8, 7 and 8% of the phenotypic variance in Reyhanli environment, respectively. TKW was found to be highly associated with Xgwm160 explaining 13% of the phenotypic
variance in combined environment.
3.4 Marker analysis of DS82 mapping population

Single marker analysis showed that 8 markers were
found to be significantly associated with all the phenotypic
traits, except for PHINX, studied in DS82 (Tables 4b). The
TILLINX was associated with Xcfd239 explaining 6% of

the phenotypic variance only in Reyhanli environment.
ARF was associated with Xgwm635 explaining 4% of the
variation in Antakya environment. HD was associated with
Xbarc105 explaining 5-7% of the phenotypic variance in
Combined and Reyhanli environments. TOLINX was associated with Xgwm312 and Xcfd239 each explaining 5%
of the phenotypic variance. TKNO was associated with
Xgwm312 and Xgwm183 each explaining 5% of the phenotypic variance. TKWT was associated with Xgwm160 and
Xgwm46 each explaining 5% of the phenotypic variance.

TABLE 4a - Marker trait analysis results of DoD4 mapping population
Trait
PHINX
TILLINX

Environment
Antakya
Antakya
Combined
Antakya

ARF
Reyhanlı

Combined
Antakya
HD

Reyhanlı

TOLINX

Combined

TOTKNO

Reyhanlı

Combined

Antakya
TKWT

Combined

Chromosome
2AS
7DS
3BS
7DS
7DS
5DL
3BS
3DL
2AL
7DS
3BS
2AS
1AS
7DS
3BS/5DL
5AS/5BS
3BS/5DL
7DL
3BS/5DL
2BS
3AS/4BS
4AL
4AL
7DL
4AL
7DS
4AL
2BL

Locus
Xgwm372
Xbarc126
Xgwm533
Xbarc126
Xbarc126
Xwmc765
Xgwm533
Xgwm645
Xgwm312
Xbarc126
Xgwm533
Xgwm372
Xwmc329
Xbarc126
Xwmc764
Xenol
Xbarc133
Xgwm428
Xbarc133
Xwmc764
Xgwm369
Xwmc722
Xwmc776
Xgwm428
Xgwm160
Xbarc126
Xgwm160
Xgwm501

a

LOD
2.0
2.5
2.1
3.0
2.3
2.3
2.2
3.9
3.4
3.2
3.0
2.9
2.2
2.3
2.2
2.0
2.5
2.1
3.1
2.2
2.1
3.0
2.8
2.8
2.5
2.8
4.7
3.2

b

R2(%)
6
7
6
8
6
6
6
11
10
9
8
8
6
6
6
6
7
6
9
6
6
9
8
8
7
8
13
9

c
Add
-1.98
0.16
0.02
0.07
0.15
0.17
0.01
0.25
-0.20
-0.36
0.32
0.32
0.80
-0.13
0.45
23.99
0.13
0.18
0.24
0.78
-0.08
-46.31
-8.68
-12.73
27.69
1.57
7.53
-6.16

TABLE 4b - Marker trait analysis results of DS82 mapping population
Trait
TILLINX
ARF
HD
TOLINX

Environment
Reyhanlı
Antakya
Reyhanlı
Combined
Antakya
Combined

Chromosome
2DL
7A/B/DS
3AL/4DS/7AS
3AL/4DS/7AS
2AL
2DL
2AL
2AL
3DS
4AL
7BS

Locus
Xcfd239
Xgwm635
Xbarc105
Xbarc105
Xgwm312
Xcfd239
Xgwm312
Xgwm312
Xgwm183
Xgwm160
Xgwm46

a

LOD
2.6
2.1
3.1
2.4
2.3
2.5
2.1
2.3
2.4
2.3
2.3

b

R2(%)
6
4
7
5
5
5
5
5
5
5
5

c

Add
0.18
-0.1
-0.35
-0.39
-0.02
0.08
0.01
-6.77
8.37
-1.4
-0.99

Antakya
Reyhanlı
Antakya
TKWT
Combined
a
LOD (logarithm of odds) score
b
Percentage of the phenotypic variance explained by marker.
c
Additivity: positive additivity indicates that the high values of the trait were inherited from the tolerant parent (‘Ducula -1’); negative additivity indicates that the high values of the trait were inherited from the sensitive parent (‘Seri-82’).
TOTKNO
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4. DISCUSSION AND CONCLUSION
Waterlogging tolerance seems to be a complex trait influenced by many confounding factors. Direct selection on
grain yield has low efficiency as the heritability of yield
after waterlogging was very low [14]. Therefore, selecting
other traits associated with yield may be a better approach.
In cereals, leaf chlorosis, traits such as plant survival and
ARF were considered useful traits for indirect selection criteria to increase the wheat yield under waterlogging conditions [5-7, 30]. In addition to those traits, HD appeared to
have the highest heritability value and can be easily used
as selection criteria. Along with different selection criteria,
using different mapping populations, in which markers are
linked to waterlogging tolerance related traits, will confirm
the chromosomal loci of those traits; hence, those markers
become available for marker assisted selection.
We used two different mapping populations derived
from crossed involving waterlogging tolerant and susceptible lines. Therefore, we discussed two populations separately.
4.1 Marker-trait analysis in ‘Dogankent’ x ‘Ducula-4’ population

The parents varied in terms of phenotypic traits. With
the exception of HD, ‘Ducula-4’ parent had higher values
than did ‘Dogankent’. It implies that these two parents respond differently to waterlogging. Both parents showed
similar levels of ARF under waterlogging stress although
‘Ducula-4’ had slightly higher mean value than did
‘Dogankent’. It was previously reported that genotypes
were not clearly defined in terms of ARF [31]. However,
significant variation existed within mapping populations in
terms of other phenotypic traits as well as ARF. Genotypes
also showed significant ‘genotype x environment interaction’ for most of the traits except TILLINX and HD although HD had the highest heritability value. Tillering was
also similar between susceptible and tolerant parents, however, two QTLs associated with tillering were mapped in
winter wheat RIL population under controlled and waterlogged environments [16]. In general, from low to moderately high broad sense heritability values imply that there
is considerable amount of environmental effect on traits.
Environmental influence on TILLINX seemed to be lower
than other traits. Number of polymorphic markers between
parents was very low, however, most of the markers significantly associated with a phenotypic trait. Different polarity of the additive effects suggests that favorable alleles
dispersed between two parents [32]. For example,
Xgwm645 and Xgwm312 explain more than 20% of the
ARF variation although their additive effects were positive
and negative, respectively. The marker loci Xgwm533 may
be a choice for marker assisted selection since it had steadily significant higher phenotypic variance for TILLINX
and ARF in each environment and was previously reported
to be related with shoot biomass [16]. The highest phenotypic variance was explained by Xgwm160 for TKWT and
along with Xgwm501, the variation explained by them was

as high as 22%. TKWT was also previously associated with
Xgwm160 [33]. Although Xgwm369 explained significant
variation for TOLINX, the magnitude of it was very low.
4.2 Marker-trait analysis in ‘Ducula-1’ x ‘Seri-82’ population

The parents varied in terms of phenotypic trait values.
‘Ducula-1’ parent had significantly higher values for tolerance score, TILLINX and PHINX than did ‘Seri-82’. Only
HD was significantly longer in ‘Seri-82’ than in ‘Ducula-1’.
It implies that different mapping populations respond differently to waterlogging. ARF, PHINX and TILLINX were
significantly and negatively correlated with HD which had
the highest heritability value. Despite low correlation coefficient, TOLINX was significantly and positively associated with ARF which, thereby, could also be an indirect
selection criterion. DS82 parents yielded less polymorphic
markers as compared to DoD4 probably since Ducula lines
and ‘Seri-82’ were originated from CIMMYT. In comparison with DoD4, markers were weakly associated with
traits in DS82 where the highest phenotypic variance was
explained by Xbarc105 for HD, while the others were similarly low. The reason may be that; both parents were more
similar and fewer markers were used for the analysis. However, Xgwm160 also significantly associated with TKWT
explaining 5% of the phenotypic variance.
In conclusion, waterlogging tolerance is a complex
trait and greatly influenced from environment and other
confounding factors. The number of polymorphic markers
depends on how diverse the parents are, therefore, more
polymorphic marker systems could be used to differentiate
the parental genotypes. In the present study, marker
Xgwm160 could be a choice for marker assisted selection
since it steadily associated with TKW in different environments. For ARF, Xbarc126 and Xgwm533 could be used
for MAS since they explained relatively high portion of total variances in two environments. The marker Xbarc126
was also associated with TILLINX and TKWT with reasonable phenotypic variances explained by it. In our study
numbers of the polymorphic markers were considerably
low to cover the whole wheat genome probably because
parents were not as diverse as we expected. Therefore, enriching the genome with more polymorphic marker systems will enhance the mapping of QTLs associated with
waterlogging tolerance.
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ABSTRACT
To better understand the pyrolysis process of polarizing film and to supply theoretic guidance for operating condition optimization, the pyrolysis kinetics of polarizing film
was analyzed under inert conditions. Experiments were conducted by a thermogravimetric analyzer with heating rates
of 5 K/min, 10 K/min, 15 K/min and 20 K/min. Based on the
TG-DTG curves, the thermal decomposition characteristics
of polarizing film were analyzed. The apparent activation
energy and reaction order were evaluated based on Starink approach and Avrami theory. In the range of conversion fraction
investigated (20%-80%), the apparent activation energy of polarizing film pyrolysis initially decreased from 158.8 kJ/mol
to 140.0 kJ/mol and then increased to 152.4 kJ/mol afterward.
Based on the Avrami theory, the reaction order varied from
0.790 to 1.215 at the temperature range of 565 K-585 K, indicating that the pyrolysis of polarizing film is not first-order
reaction during its major mass loss stage.

KEYWORDS: Pyrolysis; Kinetics; Polarizing film; Activation energy; Reaction order

1. INTRODUCTION
With the large quantity of Liquid Crystal Display
(LCD) discarded, treatment of waste LCDs has become a
global environmental problem and aroused worldwide attention. As the main component of organic parts in LCD
panel, polarizing film needs to be treated first for further
separation and material recovery from LCD panels.
In practice, pyrolysis has been proven to be an effective and efficient way for polarizing film treatment. According to the studies of Lu et al. [1-3], polarizing film can
be effectively pyrolyzed to gases, oils and other products.
* Corresponding author

But on the other hand, certain undesirable pollutants such
as polycyclic aromatic hydrocarbons [4, 5] tend to occur
during the pyrolysis process. To improve the pyrolysis operation and to reduce the air pollutants, further understanding of the polarizing film pyrolysis is needed. A thorough
understanding of pyrolysis kinetics can help to supply
guidance on the feasibility, design and scaling of reactors,
as well as the operating condition optimization.
Nowadays, many mathematical approaches have been
developed to study the kinetic parameters of solid state,
such as Coats-Redfern [6], Freeman and Carroll method
[7]. However, these approaches often employ single or
simple reaction models for the analysis, leading to difficulties in determining accurate reaction model. In view of the
disadvantages of these methods, model-free methods such
as Friedman [8], Flynn-Wall-Ozawa [9] and KissingerAkahira-Sunoseapproach [10] are widely used to analyze
the pyrolysis kinetics. With the model-free methods, the
apparent activation energy can be calculated with same
fraction conversion in multiple TG curves and multistep
reaction mechanism can be obtained [11-13].
In this work, the pyrolysis kinetics of polarizing film
was investigated by iso-conversional method, with the aim
to have a better and more comprehensive understanding of
the thermal decomposition behaviors of polarizing film, as
well as to supply theoretic guidance for operating conditions optimization.

2. MATERIAL AND METHODS
2.1 Raw materials

Polarizing film used in this study was obtained from
discarded LCD panels which are provided by Suzhou
Shunhui Nonferrous Metal, China. The polarizing film was
separated from LCD panel, crushed and pulverized with a
ball mill, and then sieved to obtain particles with diameter
less than 97 μm. Before pyrolysis test, the powder obtained
was dried at 378 K for 2 h. Tri-cellulose Acetate (TCA)
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TABLE 1 - Element composition of the polarizing film
Element

C

H

O

N

Content (wt. %)

50.1

5.8

43.6

0.2

FIGURE 1 - The structure of TCA and PVA.

and Polyvinyl Alcohol (PVA) used in this study were purchased from Sino-pharm Chemical Reagent Co., Ltd
(Shanghai, China) and were prepared in the same way before experiment.
Elemental composition of the polarizing film, determined by element analyzer (Vario EL III, Elementar, Germany), is listed in Table 1. Structures of the TCA and PVA
are shown in Fig.1.

beginning and at the end of the pyrolysis reaction, respectively. Wt is the sample mass at time t and temperature T.
is the differential function of conversion. T is the temperature, k(T) is the rate constant, described by Arrhenius
equation, k(T) = A exp(-E/RT) (A is the pre-exponential
factor, E is the apparent activation energy, R is the gas constant, 8.314 J mol-1 K-1). Therefore, Eq.(2.1) can be converted into Eq.(2.2):
d  A   E 
   exp -  f ()
dT     RT 

2.2 Thermogravimetric experiments

Thermogravimetric experiments were performed by a
thermogravimetric analyzer (TAQ600, TA Instruments,
USA), with a capability of determining weight loss and
temperature difference simultaneously. The temperature
and sample weight were recorded at an interval of 1.8 s. To
avoid the heat-transfer limitation caused by sample itself, a
small sample mass of 5 mg was placed in the pan of
thermo-balance, which fills about 1/2 volume of the pan.
Afterwards, the sample was heated from 323 K to 973 K at
heating rates of 5 K/min, 10 K/min, 15 K/min and 20
K/min, respectively. To minimize the mass transfer effect,
pure nitrogen (99.99% purity) was used as the carrier gas
and was kept at a steady flow rate of 100 mL/min during
all experiments. In each experiment, a separate blank run
with an empty pan was carried out for baseline correction.
When the experiment was finished, the furnace power was
turned off but the carrier gas was kept flowing until the furnace was cooled down to the ambient temperature.

In which β (β=dT/dt) is the heating rate which is a constant in this study. After a further integration of both sides,
Eq. (2.2) can be converted into:





0

A T
A
d
 E 
 G( )     exp   dT =   p(x)
T0
f ( )

RT


 
 

(2.3)

The p(x) in Eq. (2.3) is the temperature integral which
does not have an analytical solution. However, it can be
approximately represented by different empirical interpolation formulas in terms of Doyle, Agrawal, Gorbatchev
and Frank-Kameneskii approximation. The Flynn-WallOzawa (FWO) method and Kissinger-Akahira-Sunose
(KAS) method are the two most common medel-free methods for kinetic parameters determination. The empirical
approximation used in the FWO method is Doyle’s approximation [15]:

E
 E 
(2.4)
exp   dT   0.00484e1.0516u 
R
 RT 
Integrating Eq. (2.4) into Eq. (2.3) and then taking the
logarithm of both side results in the expression for the
FWO integral iso-conversional method [16]:
 AE 
E
E (2.5)



T

T0

2.3 Theoretic background

As the typical heterogeneous solid-state reaction, the
primary pyrolysis process could be represented by the reaction scheme: polarizing film→solid residue + (volatiles
+ gases) [14]. The global kinetics of polarizing film pyrolysis reaction can be described as:

d
 k(T ) f ()
dt

(2.2)

(2.1)

Where α is the fraction of conversion, α = (W0Wt)/(W0-W∞), where W0 and W∞ are sample masses at the

ln  i  ln 
  2.315  0.4567 R T  C 0  0.4567 R T
 R G ( ) 

In term of the KAS method, the employed empirical
approximation is expressed as:
T
E
 E 
(2.6)
T0 exp  RT dT  RAT
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Substituting Eq. (2.6) into Eq. (2.3) and taking the logarithm of both sides result in the expression for KAS integral iso-conversional method [17]:
 
A R  E
E
ln  2i   ln  k   k  CK  k
T 
E
R
T
R
Tpi
pi
 k 
 pi 

i  1,2,3,4,5,6 (2.7)

According to the Starink method [18], the approximate
expression of FWO method (Eq. (2.5)) and KAS method (Eq.
(2.7)) both can be transformed into the same formula as:
BE
 
(2.8)
ln is   Cs 
T
R
T
 

mass loss of 1.87%, took place between 475 K and 500 K.
The mass loss in this stage was mainly attributed to the release of certain unstable monomers. Then, a significant
mass loss occurred, during which the polarizing film lost
its weight with over 60%. The second weight loss stage
started at about 550 K and ended at approximately 650 K.
After that, the third segment of mass loss stage occurred in
a wide temperature range of 650 K - 780 K, and the weight
loss in this stage was about 4%.

Where s and B are the parameters determined by the
type of the temperature integral approximation. As for the
FWO method, s=0 and B=1.052; for the KAS method, s=2
and B=1. Compared to the FWO method, the KAS method
offers a significant improvement in the accuracy of the E
values [19]. As shown by Starink, a more accurate estimates of E are accomplished when setting s=1.92 and
B=1.0008, respectively. Hence, the Starink method can be
described as:
E
  
(2.9)
ln  1.92   Cs 1.0008
RT
T 
For a given conversion fraction α, the points of
ln(β/T1.92) versus 1/T at different heating rates can be fitted
to a straight line, and the slope of the straight line corresponds to -1.0008E/R. Therefore, the apparent activation
energy E can be calculated accordingly.
Reaction order, as a significant parameter for the pyrolysis characteristics, was investigated with the Avrami
theory [20] in this study, which can be described as:
k(T)
(2.10)
 1 exp n



Where α, β and k(T) are the same parameters as described in Eq. (2.1) and the exponent n represents the reaction order.
Through a double logarithm and transposing, the Eq.
(2.10) can be transformed into the equation:

ln[ ln(1 )]  lnA 

E
 n ln 
RT

(2.11)

At a certain temperature T, the points of ln[-ln(1-α)]
versus lnβ at different heating rates can be fitted to a
straight line and the slope of the line corresponds to –n.
Thus, the reaction order n could be deduced.

3. RESULTS AND DISCUSSION
3.1 Thermal decomposition characteristics of polarizing film

The results of thermogravimetric analysis of polarizing
film at heating rates of 5 K/min, 10 K/min, 15 K/min and
20 K/min are shown in Fig.2.
From the curves, it can be easily observed that there
are three distinguished weight loss segments in the pyrolysis process of polarizing film. The first segment, with a

FIGURE 2 - The TG (a) and DTG (b) curves of polarizing film at
heating rates of 5 K/min, 10 K/min, 15 K/min and 20 K/min

To further investigate the decomposition characteristics of polarizing film, the pyrolysis characteristics of TCA
and PVA, which are the main components of polarizing
film, were analyzed and the results are shown in Fig.3.
From the results shown in Fig.3, it can be observed that
TCA underwent a major weight loss at the temperature
range of 570 K - 650 K during the whole thermal pyrolysis
process. As shown in Fig.4, PVA underwent two weight
loss stages which respectively occurred in the temperature
range of about 500 K - 650 K and 650 - 780 K. The two
weight loss stage of PVA occurred within the same temperature range to the second and third mass loss segment

3659

© by PSP Volume 24 – No 11. 2015

Fresenius Environmental Bulletin

FIGURE 3 - The TG (a), DTG (b) curves of TCA and TG (c), DTG (d) curves of PVA at heating rates of 5 K/min, 10 K/min, 15 K/min and
20 K/min

of polarizing film pyrolysis. Combined with the pyrolysis
analysis of TCA and PVA, it can be concluded that the second mass loss stage of polarizing film was caused by the
combined decomposition of TCA and PVA, while the third
segment was mainly attributed to PVA decomposition.
One thing needs to be mentioned is that the different
heating rates have certain effect on the pyrolysis process of
polarizing film and its main components, which can be
noted from the results shown in Fig.2 and Fig.3. To illustrate the effect of heating rate on the pyrolysis reaction, the
characteristic parameters obtained from the pyrolysis of
polarizing film, TCA and PVA are listed in Table 2. In the
table, Ti is the initial thermal decomposition temperature at
any stage, K; Tf is the final thermal decomposition temperature at any stage, K; Tp is the temperature of peak rate at
any stage, %/K; ML is the total mass loss at any stage, %.

From Table 2, it can be noted that the entire decomposition process of polarizing film, TCA and PVA were shifted
to higher temperature zone as the heating rate increased from
5 K/min to 20 K/min. For the parameter Tp, it increased from
483 K to 502 K in the first mass loss stage of polarizing film.
As for the second and third stage of weight loss, the value of
Tp respectively increased from 575 K to 606 K and from 713
K to 737 K. Besides, the parameters of Ti and Tf also obtained higher values with the heating rate increasing. This
phenomenon may due to the fact that the time consumed in
reaching final settled temperature becomes shorter with the
increment of heating rate. Consequently, the heat transferred
from furnace to the tested sample is limited, which may
bring about a discrepancy between the recorded temperature
and the actual sample temperature. Therefore, the reaction
extent represented by the TG-DTG curves was actually not
coincided with the real condition.
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However, as it can be seen from Table 2, not all characteristic parameters increased with the heating rate increasing. The parameter of DTGmax was found to decrease
along with the heating rate increase. With the heating rate
increased from 5 K/min to 20 K/min, the value of DTGmax
decreased respectively from 0.14 %/K to 0.12 %/K in the
first segment, from 2.06 %/K to 1.73 %/K in the second
segment and from 0.09 %/K to 0.08 %/K in the third segment. The variation trend of the maximum weight loss rate
is the same as the trend of pyrolysis analysis of kaolinite,
corn straw, rice husks, olive cake and cacao shells reported

in the previous literatures [21-23].The data in Table 2 also
shows that the parameter of ML appeared a narrow fluctuation with different heating rates. It was because the total
mass loss at each stage is mainly determined by the essential component of the tested sample but not the heating rate.
3.2 Analysis of apparent activation energy

To estimate the apparent activation energy of the polarizing film pyrolysis and its dependence on the conversion
fraction during the major pyrolysis process, seven levels
with conversion fraction varying from 20% to 80% were

TABLE 2 - Pyrolysis characteristic parameters of polarizing film, TCA and PVA
Sample

Polarizing film
5

10

TCA
15

20

Stage 1
Ti(K)
Tf(K)
Tp (K)
DTGmax
(%/K)
ML
Stage 2
Ti(K)
Tf(K)
Tp (K)
DTGmax
(%/K)
ML
Stage 3
Ti(K)
Tf(K)
Tp (K)
DTGmax
(%/K)
ML

PVA

5

10

15

20

5

10

15

20

/

/

/

/

/

/

/

/

472
492
483

481
504
492

488
506
498

492
515
502

/
/
/

/
/
/

/
/
/

/
/
/

/
/
/

/
/
/

/
/
/

/
/
/

0.14

0.14

0.13

0.12

/

/

/

/

/

/

/

/

1.87

1.98

1.45

1.81

/

/

/

/

/

/

/

/

550
607
575

553
618
590

554
638
600

555
641
606

571
659
626

582
683
638

585
692
646

587
701
652

499
643
568

516
656
584

516
671
593

510
681
600

2.06

2.09

1.76

1.73

2.59

2.58

2.67

2.62

1.46

1.39

1.31

1.29

60.1

63.5

65.2

64.3

77.0

78.6

77.2

78.0

82.6

82.9

84.2

84.5

697
744
713

706
756
725

708
758
732

709
765
737

/
/
/

/
/
/

/
/
/

/
/
/

643
749
694

656
760
706

671
772
712

681
788
717

0.09

0.09

0.08

0.08

/

/

/

/

0.17

0.15

0.14

0.14

3.54

3.85

3.63

4.03

/

/

/

/

11.6

10.4

9.36

9.16

FIGURE 4 - Regression lines to apparent activation energy (a) and to reaction order (b) for polarizing film at heating rates of 5 K/min,
10 K/min, 15 K/min and 20 K/min
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TABLE 3 - The slope, apparent activation energy (E) and correlation coefficient (R2) deduced from Starink method for polarizing film, TCA
and PVA
Sample

Polarizing film

Conversion (%)

Slope

20%
30%
40%
50%
60%
70%
80%

-19.113
-18.516
-17.642
-16.965
-16.847
-17.430
-18.345

20%
30%
40%
50%
60%
70%
80%

-17.798
-18.852
-19.233
-19.484
-20.024
-20.261
-20.664

20%
30%
40%
50%
60%
70%
80%

-14.882
-14.553
-14.571
-14.488
-14.288
-14.464
-15.189

E
(kJ/mol)
158.8
153.8
146.6
140.9
139.9
144.8
152.4
148.2
147.8
156.6
159.8
161.9
166.3
168.3
171.7
161.8
123.6
120.9
121.0
120.4
119.5
120.2
126.2
121.7

Average

TCA

Average

PVA

Average

employed at the heating rates of 5 K/min, 10 K/min, 15 K/min
and 20 K/min. Based on the Starink method, the regression
lines of polarizing film are illustrated in Fig.4 (a) and the
calculated activation energy and the square of correlation
coefficient (R2) are given in Table 3.
According to the values of R2 and SD shown in Table 3,
it can be demonstrated that the Starink method is suitable for
the determination of apparent activation energy of polarizing
film pyrolysis. From Table 3, it can be noted that the apparent activation energy of the polarizing film varied slightly
with different conversion fractions. To be specific, as the
conversion fraction increasing from 20% to 60%, the apparent activation energy underwent certain decrease, which
decreased from 158.8 kJ/mol to 139.9 kJ/mol. Then with
the conversion fraction increasing up to 80%, the apparent
activation energy rose to 152.4 kJ/mol. The variation of activation energy at different conversion fractions indicates
that the pyrolysis of polarizing film proceeds with different
reaction mechanisms.
To better understand the pyrolysis mechanism of polarizing film, the apparent activation energy of TCA and
PVA was also analyzed with the same method and the results are also shown in Table 3. It can be seen from the
results that the apparent activation energy of TCA increased with the conversion fraction increasing, indicating
that the decomposition became more difficult with higher
conversion fraction. While, the apparent activation energy
of PVA maintained relatively stable at about 120 kJ/mol
when the conversion fraction varied from 30% to 70%, illustrating that the decomposition mechanism was relatively simple in this stage. When the conversion fraction

R2

SD

0.993
0.998
1.000
0.999
0.998
0.996
0.976

0.925
0.434
0.179
0.343
0.391
0.612
1.638

0.987
0.993
0.994
0.995
0.996
0.995
0.996

1.169
0.900
0.876
0.813
0.688
0.804
0.815

0.992
0.994
0.996
0.998
0.997
0.995
0.989

0.747
0.663
0.539
0.402
0.491
0.576
0.932

increased up to 80%, the apparent activation energy increased to 126.3 kJ/mol. The result demonstrates a more
complicated reaction for further decomposition of PVA.
Since the value of apparent activation energy represents
the minimum energy required to break the chemical bonds
between atoms, it means the higher value of apparent activation energy, higher reaction temperature is needed. It is a parameter indicating the reactivity and sensitivity of overall reaction rate. According to the mean apparent activation energy
of TCA and PVA, which is 161.8 kJ/mol and 121.7 kJ/mol
respectively, it can be inferred that TCA is less reactive than
PVA. The mean apparent activation energy of polarizing film
is 148.2 kJ/mol, lower than that of TCA and higher than PVA,
showing an intermediate activity between the TCA and PVA.
This result shows a good agreement with the results reported by Folgueras et al. [24], according to which the cocombustion of coal and sludge also shows an intermediate
behavior between them. The result indicates that pyrolysis
kinetics of polarizing film is greatly affected by the type
and composition of materials. Therefore, the activation energy of the polarizing film pyrolysis is significantly affected by the ratio of TCA/PVA and higher ratio of
TCA/PVA will result in higher value of activation energy.
3.3 Reaction order analysis of polarizing film pyrolysis

To evaluate the reaction order of polarizing film pyrolysis and its dependence on temperature, six series of temperature in the major pyrolysis process with different heating rates were adopted for reaction order analysis. Based
on the Avrami theory, the regression curves obtained are
shown in Fig.4 (b) and the calculated reaction orders, the
corresponding values of R2 and SD are presented in Table 4.
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TABLE 4 - The slope, reaction order (n) and correlation coefficient
(R2) deduced from polarizing film pyrolysis based on Avrami theory
Sample

Polarizing
film

Temperature (K)
565
575
585
595
605
615

Slope

n

R2

SD

-0.790
-1.129
-1.215
-1.065
-0.572
-0.290

0.790
1.129
1.215
1.065
0.572
0.290
0.843

0.988
0.990
1.00
0.955
0.652
0.708

0.050
0.066
0.003
0.133
0.222
0.101

Average

Shanghai in China (ZZegd14007), Shanghai Cooperative
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ABSTRACT
In this study, three different sites in the Eşen Stream
(namely, Site 1 that was used as the control group, Site 2
that had the highest pollution degree, and Site 3), were assayed for genotoxicity induced by nutrient pollution using
the Comet assay in the peripheral blood of rainbow trout
(Oncorhynchus mykiss). At each site, blood was taken from
six samples to investigate the potential damage in fish
blood lymphocytes with Comet assay. The results revealed
that both DNA tail % and tail moment (µm) significantly
increased in Site 2 and Site 3 compared to Site 1. Site 2 had
the highest level of water parameters (such as suspended
solids, total phosphates, ammonium and nitrate-nitrogen,
and chemical oxygen demand) and showed the highest genotoxic damage for both DNA tail % and tail moment. Oxidative DNA damage was also investigated with bacterial
enzymes, namely, Endo III and FPG. According to the results, oxidative damage was higher in purines than pyrimidines for the studied sites. These results confirm the usefulness of the Comet assay with fish blood lymphocytes as
an in vivo model for eco-genotoxicological studies.
KEYWORDS:
Rainbow trout (Oncorhynchusmykiss), Eşen stream, Comet assay,
oxidative DNA damage, fish blood lymphocytes

1. INTRODUCTION
Aquatic environmental pollution is a serious and growing problem [1], with the increasing number of industrial,
agricultural and commercial chemicals in the aquatic environment having led to various deleterious effects on organisms [2]. Fish farming dramatically increased to face a
growing demand for human food and the global downfall
* Corresponding author

of wild fish populations. According to the Food and Agriculture Organization (FAO), 36 million metric tons of marine (15%) and freshwater (85%) fish species were produced globally in 2009. Rainbow trout, Oncorhynchus
mykiss, is the most commonly bred species (85%), with an
average production of about 202,600 metric tons per year
over the last two decades [3]. The main source of potentially polluting waste was either discharged from farm effluent, or made available for reuse within the farm, and is
feed-derived [4], such as uneaten feed, fish faeces, and excretion. In recent years, both worldwide and in Turkey, the
assessment of the possible unfavourable environmental effects of aquaculture has been a salient issue. Feed-derived
wastes include components that are either dissolved, such
as phosphorus (P) and nitrogen (N) based nutrients, or are
in the solid phase as suspended solids [4].
Solid wastes generally represent a very high proportion of the mass of wastes released by most fish culture operations. These wastes generally have faeces or feed origin
and consist either of relatively fast-sinking particles or particles that remain in suspension in the water column for extended periods of time [4]. The mixing of solid pollutants
with water can directly affect aquatic vertebrates and invertebrates. In addition, excessive localized sedimentation
of organic matter may result in a significant reduction in
dissolved oxygen levels, notably in environments with
poor mixing of the water layers during the period of warm
water temperatures [1]. Low oxygen levels affect the
amounts of hydrogen sulfide (H2S), which has direct negative effects on aquatic organisms in the water. Different
water bodies will react differently to influx of the same
amount of certain wastes. This is a more commonly observed reaction in a slow stream of water in indoor areas or
highly conserved regions, compared to outdoor areas [5].
Other factors such as the effects of anthropogenic and natural origin (leaves and sediment) debris should be considered when evaluating the effects of waste [6]. The rise of
fish breeding may lead to an increase in pollution [1]. This
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disintegration of the solid particles usually occurs by the
dissolution and mineralization of P and N, and thus this
event has contributed to eutrophication. P pollution of freshwater ecosystems, especially algal reproduction, is one of
the most important limiting factors [7,8]. The most abundant types of ions are ammonia nitrogen (NH4+), nitrite
(NO2-), and nitrate (NO3-) [6]. The most available P forms
are orthophosphates (Pi; H2PO4-, HPO42-and PO43-) [9]. Despite the use of waste water filters for fish farming in
France, concentrations of nutrients and suspended solid
particles remains high [10] so that the streams contribute to
the PO43- and N-NH4+ [11]. According to Guilpart et al.
[12] the concentration of total N in areas where there are
fish farms is 100 times higher than in other regions.
Specific species are used as biomonitors in eco-toxicological studies amphibians, mussels, and fish, are used to
investigate the genotoxicity of waters [13-17]. Fish are especially useful to evaluate the biological risk of hazardous
and toxic wastes in water and are sensitive to anthropogenic compounds because they come into direct contact
with the contaminants in their environment [2]. This sensitivity can be cause genetic damage [18, 19]. This study used
rainbow trout (O. mykiss) as test organisms to investigate the
effects of contaminants using Comet assay because rainbow trout have been shown to be sensitive to contaminants
[20, 21] and suitable for bio-monitoring studies.
The Comet assay or single cell gel electrophoresis
(SCGE) assay is a rapid, simple, and sensitive method for
measuring DNA damage at the level of individual cells
[22]. The main advantages of the Comet assay include: (a)
the need for a small number of cells per sample (<10.000),
(b) the collection of data at the level of the individual cell,
allowing more robust statistical analyses, (c) sensitivity for
detecting DNA damage, and (d) the use of any eukaryote
single cell population both in vitro and in vivo, including
cells obtained from in vitro studies on blood lymphocytes
[23-25] and in vivo studies on hemocytes of Drosophila
[26,27] and eco-genotoxicological studies [28,29]. It is
used for environmental monitoring and detecting DNA
damage in aquatic animals such as different species of fish
[30-33]. The aim of this study was to provide a quantitative
assessment of the genotoxicity in differently polluted waters from the over-feeding of fish farms at different sites of
the Eşen Stream using Comet assay in rainbow trout (O.
mykiss) lymphocytes.

2. MATERIALS AND METHODS

ton X-100, sodium chloride (NaCl), and sodium hydroxide
(NaOH) were obtained from Sigma Chemical Co. (St.
Louis, MO, USA).
2.2. Sampling sites

The Eşen Stream, with coordinates of 36º 17' 34 northern
- 29 15' 45 east, is within a watershed, and is rich in water
resources and continuous flow. The Eşen Stream forms a
boundary between the provinces of Antalya and Muğla and
its total length is 146 km. Three different sites were selected
along the Eşen Stream, namely: Site 1 (control group) (with
coordinates 36º 46' 17 N - 29º 24' 21 E), Site 2 (with coordinates 36º 45' 52 N - 29º 23' 50 E), and Site 3 (with coordinates 36º 45' 35 N - 29º 23' 46 E).
º

2.3. Water quality assessment

Water-quality criteria [Temperature (ºC), suspended
solid (mg/L), chemical oxygen demand (mg O2/L), total
phosphate (mg P/L), total organic carbon (mg/L), ammonium nitrogen (mg NH4+-N/L), nitrate-nitrogen (mg NO3-N/L), sulfate (mg SO4-2/L), fluoride (mg F-/L), and chloride (mg Cl-/L)] of the chosen sites were monitored with
data on the selected sites, which are shown in Table 1. In
the Eşen Stream, Site 1 (control group) is at the beginning
of the stream, and thus, there is no pollutant load. Site 2 is
a section of the stream that is loaded with solid pollutants.
On the other hand, Site 3 is between the Site 1 and 2, and
therefore, pollutant load is not as high as Site 2.
2.4. Fish sampling

Rainbow trout (O. mykiss) were caught by the electro
fishing method and double-frame dip nets (30 cm diameter) from the selected sites (six samples from each site).
Peripheral blood samples were collected from caudal vein
with heparinised syringes from each fish for Comet assay.
Six individuals O. mykiss were analyzed for genotoxicity
in pools for combined group of each different site. The
pooled samples represents the blood samples of six fish
combined. Lymphocytes were processed for the evaluation
of DNA integrity and oxidative DNA damage by Comet
assay under red light. Before isolated lymphocytes, fish
blood samples were collected in a pool for every selected
site. The study was performed in accordance with the Declaration of Helsinki and with the approval of the Mediterranean Fisheries Research Production and Training Institute Ethics Committee.
2.5. Single cell alkaline gel electrophoresis or Comet assay

2.1. Chemicals

Low melting-point agarose (LMA), normal meltingpoint agarose (NMA), trisma base, ethidium bromide
(EtBr), N-lauroylsarcosine sodium salt solution, endonuclease III (Endo III), formamidopyrimidine DNA glycosilase (Fpg), EDTA disodium salt dehydrate, phosphate-buffered saline solution without Ca+2, Mg+2 (PBS), HEPES, potassium chloride (KCl), bovine serum albumin (BSA), tri-

Comet assay was carried out on isolated lymphocytes.
Firstly, 100 µl of the fish blood that mixed 6 samples for
each selected sites was taken in each eppendorf tubes. One
millilitre of phosphate buffered saline (PBS, 1 X) was
added and tubes were placed on ice for 20 minute. 100 µl
of lymphopreb (Biocoll-separating solution) were added at
tubes and centrifuged at 1060 rpm for 3 min at 4 ºC. The
Comet assay was performed under alkaline conditions,
with some modifications as described [22]. The cell sam-
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ples which obtained from fish blood samples were carefully resuspended in 80 µl of 0.65% LMA, layered onto
microscope slides precoated with 0.65% NMA (dried for
25 min) and spread with a coverslip. After solidification and
removal of the coverslip, 80 µl of 0.65% LMA was again
added to the slides, covered and kept for 20 min at 4 ºC.
Then, the coverslips were removed and the slides were immersed in cold fresh lysing solution (2.5 M NaCl, 100 mM
EDTA, 10 mM Trisma base, 10% DMSO and 1% Triton
X-100, pH 10) for 1 h at 4 ºC in a dark chamber. To avoid
the occurrence of additional DNA damage, the following
steps were performed under red light. Afterwards, the
slides were placed in a horizontal gel electrophoresis tank
filled with cold electrophoresis buffer (1 mM EDTA and
300 mM NaOH, pH 13) for 30 min to allow DNA unwinding. Electrophoresis was performed in the same buffer for
30 min at 25 V (1 V/cm) and 300 mA. Unwinding and electrophoresis were done in an ice bath. After electrophoresis,
the slides were gently washed three times for 5 min in fresh
neutralization buffer (0.4 M Trisma base, pH 7.5). After drying at room temperature, the slides were stained with 50 µl
of ethidium bromide (EtBr) solution (60µl/ml) and covered
with a coverslip. For the visualising of DNA damage, slides
were examined at 400 x magnification using a fluorescence
microscope (Nikon Eclipse E200) connected to a CCD
camera and an image analysis system (Comet assay IV version 4.11, Kinetic Imaging, UK). Randomly selected 100
cells (50 cells from each of the two replicate slides) were
analysed per selected site samples.
2.6. Detection of induced oxidative damage

To determine the induction of oxidized bases, all
per each blood samples from selected sites was evaluated.
After lysis, slides were washed three times (5 min, 4 ºC)
in an enzyme buffer solution (40 mM HEPES, 0.1 M KCl,
0.5 mM EDTA, 0.2 mg/mL BSA, pH 8.0). Then, aliquots
of 100 µL of buffer containing the bacterial enzymes Endo III
or Fpg (enzyme concentration 1/1,000) or no enzyme (control) were placed onto the agarose, sealed with a cover glass
and incubated for 30 min at 37 ºC. After enzyme treatments, cell samples were processed as in the standard alkaline Comet assay procedure [34-36].

2.7. Statistical analysis

The statistical analysis was performed by use of the
SPSS program package (version 15.0). Measurements of
Comet parameters were the percentage of DNA in the tail
(% DNA tail) and tail moment (µm). All data were presented as arithmetic mean ± standard error. The values
were compared using the Student's t-test. Prior to analysis,
homogeneity of variances and normality assumptions concerning the data were tested. P-value P < 0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION
Table 1 shows the measured physico-chemical parameters of the water samples collected from the selected three
sites during the period of monitoring. Most of these parameters showed the highest values in the water of the Eşen
Stream at Site 2. Mean values of suspended solid (SS),
chemical oxygen demand (COD), total phosphate (TP), total organic carbon (TOC), ammonium nitrogen (AN), and
nitrate-nitrogen (NN) were recorded to be higher in Site 2
than in the water of Sites 1 and 3. Site 1 was used as a control group in this study. All measured parameters, excluding total phosphate (TP), in Sites 2 and 3 were below the
measurement limits in the Eşen Stream at sampling time.
Almost all of our results are in good agreement with values
previously reported by different authors [37-39].
Peripheral blood samples obtained from six individuals O. mykiss for each different site was pooled. The pooled
samples represents the blood samples of six fish combined.
DNA damage in the lymphocytes of rainbow trout (O.
mykiss) as measured with the Comet assay is shown in Table 2. This study employed two parameters for detecting
DNA damage, namely DNA tail % and tail moment. The
highest degree of DNA damage (DNA tail %; a parameter
correlated to the degree of DNA damage measured with the
Comet assay) was recorded in blood cells of fish collected
from Site 2 (7.23 ± 1.46) followed by Site 3 (5.01 ± 1.32),
and the degree of DNA damage was very low in the blood
cells of fish collected from Site 1, which was used as control
group (1.82 ± 0.60). Similarly, the highest degree of DNA

TABLE 1 - Physical-chemical parameters of the water samples collected from different sites.
Parameter
Feature Class*
Site 1
Site 2
Site 3
pH
Class I (6.5-8.5)
7.98
8.12
7.88
Temperature (ºC )
14.5
14.5
15
Suspended solid (mg/L)
0.6
4
1
Chemical oxygen demand (mg O2/L)
Class I ( < 25)
8.7
13.3
10.2
Total phosphate (mg P/L)
Class I ( < 0.02)
0.012
0.067
0.049
Total organic carbon (mg/L)
Class I ( < 5)
0.559
0.803
0.803
Ammonium nitrogen (mg NH4+-N/L)
Class I ( < 0.2)
< 0.02
0.198
< 0.02
Nitrate nitrogen (mg NO3-- N/L)
Class I ( < 5)
0.242
0.343
0.290
Sulphate (mg SO4-2/L)
Class I ( < 200)
5.39
6.43
7.07
Fluoride (mg F-/L)
Class I ( < 1)
0.082
0.093
0.101
Chloride (mg Cl-/L)
Class I ( < 25)
1.977
2.2
2.619
*
Turkish Water Quality Criteria (mg L–1): Class I: clean water, Class II: less polluted water, Class III: polluted water, Class IV: heavily polluted water [52].
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TABLE 2 - The genotoxic effects of pollution in Eşen Stream on rainbow trout (Oncorhynchus mykiss) peripheral blood lymphocytes using
Comet assay.
Sites#

Tail moment
(µm) a

% DNA tail a

Site 1 (control group)
1.82 ± 0.60
(n=6 samples)
Site 2
7.23 ± 1.46 **
(n=6 samples)
Site 3
5.01 ± 1.32 *
(n=6 samples)
#
The blood obtained from six fish for each site was pooled.
*
P < 0.05 versus control group using Student’s t-test.
**
P < 0.01 versus control group using Student’s t-test.
a
Mean ± standard error from six fish per experiment for each site and 100 cells were counted for each experiment.

0.43 ± 0.16
1.99 ± 0.54 **
1.35 ± 0.46 *

TABLE 3 - Oxidative DNA damage formed in the presence of enzymes with the Comet assay in peripheral blood lymphocytes of rainbow trout
(Oncorhynchus mykiss) collected from Eşen Stream.
Sites #

% DNA tail a
Enzyme
buffer

Fpg
(+)

Endo III
(+)

Enzyme buffer

Tail moment
(µm) a
Fpg
(+)

Site 1 (control group)
4.84 ± 1.38
7.20 ± 1.81
5.39 ± 1.35
1.66 ± 0.68
2.29 ± 0.83
(n=6 samples)
Site 2
3.12 ± 0.64
8.98 ± 1.52
8.05 ± 1.62
0.90 ± 0.23
2.95 ± 0.65
(n=6 samples)
Site 3
6.91 ± 1.16
5.88 ± 1.21
5.60 ± 1.07
1.68 ± 0.34
1.57 ± 0.45
(n=6 samples)
#
The blood obtained from six fish for each site was pooled.
P > 0.05 versus control group using Student’s t-test.
a
Mean ± standard error from six fish per experiment for each site and 100 cells were counted for each experiment.

damage [tail moment (µm)] was recorded in the blood cells
of fish collected from Site 2 (1.99 ± 0.54), followed by Site
3 (1.35 ± 0.46), and the degree of DNA damage was very
low in the blood cells of fish collected from Site 1, which
was used as the control group (0.43 ± 0.16).
Due to DNA damage effects by the Comet in this
study, whether oxidative damage as a result of impact damage even if such an impact on the purine or pyrimidine base
is broken down to identify oxidative DNA damage has been
analyzed, by using the bacterial enzymes detecting this kind
of damage, such as formamidopyrimidine DNA glycosilase
(Fpg) and endonuclease III (endo III). Formamidopyrimidine DNA glycosylase (Fpg) recognizes the common oxidized purine 8-oxoGua, and also ring-opened purines, or
formamidopyrimidines. Endonuclease III (Endo III) converts oxidized pyrimidines to strand breaks [37-39]. When
looking for oxidative DNA damage induction (Table 3), our
results demonstrated statistically significant effects in the
FPG application is slightly higher than Endo III in the
blood cells of fish collected from the three sample sites. For
Table 2 the results obtained from Comet assay demonstrated strongly DNA damage exposure to pollution while
demonstrated slightly oxidative DNA damage results exposure to pollution for Site 2 and 3 in Table 3.
Water pollution is a significant problem in recent
years. To monitor the water quality, first, the physicalchemical parameters must be measured. These parameters
only reflect the toxic effects of matters that cause pollution

Endo III
(+)
2.06 ± 0.74
2.50 ± 0.65
1.54 ± 0.41

and are inadequate to show the results of chronic exposure
to low doses of detrimental chemicals. Biological assays
that used biomarkers for monitoring studies could indicate
health risks to the environment and living organisms [40].
Biomarkers are sensitive tools to measure the biological effects in environmental quality evaluations [41]. A large
number of various studies showed that biomarkers were
used as an indicator of the pollution [16, 32, 33].
The Comet assay is a reliable method for evaluating
DNA damage on exposed sentinel organisms in freshwater
environments and as such, the genotoxic effects of pollution can be successfully monitored by this assay [28, 42].
In order to show the level of environmental pollution various fish species have been used as bio-indicators with
Comet assay in previous studies [17, 43, 44]. Several freshwater and marine fish species such as sea catfish (Netuma
sp.), common carp (Cyprinuscarpio), brown bullhead
(Ameiurus nebulosus), and Eastern mudminnow (Umbra
pygmaea L) have been used as a bio-indicator of DNA
damage by Comet assay [2, 30-32].
Trout farms are typically related to stream areas that
have good water quality and low flow rate, and generally
aquaculture facilities divert to stream water and effluent is
discharged downstream. Trout farm waste output is composed of suspended solids and dissolved P and N based nutrients, from uneaten feed, fish faeces, and excretion [4].
Excessive feeding during the breeding of trout fish farms,
P, N, and other nutrients are excessive due to the accumu-
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lation of eutrophication. Eutrophication is the death of an
aquatic ecosystem over a long period of time by reducing
the amount of dissolved oxygen in the water and can cause
adverse effects on the living organisms in water ecosystem
[1, 45]. Furthermore, solid particles broken down by the
benthic biota in oxygen deficiency, then CO2 and NH3 are
produced. In areas with high water temperatures and low
flow rate decrease the amount of dissolved oxygen [1]. The
water samples parameters that are presented in Table 1
demonstrate that the highest degrees of SS, COD, TP, AN,
and NN were measured in Site 2, followed by Site 3, and
were lowest in Site 1, which was used as the control group.
Nutrient pollution of the site 2 and 3 higher than site 1 (control group) although all the water quality parameters are
below the recommended limits. These parameters are important because TP, AN, NN, and SS can affect the algal
productivity and eutrophication. P is the most limiting factor for algae growth and eutrophication [45]. The results of
the current study showed that there is a correlation between
genotoxic damage and pollution of water samples. The
amount of DNA damage in the blood cells of fish collected
from Site 2 was higher than that of the fish collected from
Site 3 and 1 (Table 2). The DNA damage was significantly
elevated in the peripheral blood lymphocytes of rainbow
trout (O. mykiss) derived from the heavily polluted area
(Site 2). Parallel to this, the qualitative analysis showed
that an increase in the frequency of DNA damage towards
higher levels (from Site 3 to Site 2) correlated with the increasing pollution gradient. Fish blood collected from Site
1 had the least genotoxic damage and according to the water analysis, Site 1 was considered negligibly polluted, and
was therefore used as a control group. DNA damage in the
lymphocytes of rainbow trout (O. mykiss) was shown to be
associated with contamination levels in the Eşen Stream.
In addition, oxidative DNA damage was higher in the FPG
application than Endo III for all three sites. In other words,
oxidative DNA damage in purine bases is greater than pyrimidines (Table 3). DNA damage is significantly affected
by many external factors [46] and these pollutants emerged
from the waste from over-feeding, fish feces in fish breeding farms, or through anthropogenic effects [6]. In accordance with the results of this study, DNA damage in several
fish species was detected by the Comet assay in different
regions that are heavily polluted sites, including the Great
Lakes of Canada [47], Göteborgharbor [48] Lake Igaṕo II,
a lake located in the metropolitan area of Londrina, PRBrazil [36], and the Nile River in Egypt [39]. According to
different studies, DNA damage was observed in water samples that were exposed to pollution and were gathered from
different regions, including the Noyyal River in India [49]
and the Drava River in Croatia [50].

trout (O. mykiss) in the Eşen Stream. Different anthropogenic activities (such as fish breeding farms and fertilizers)
increased the genotoxicity in rainbow trout lymphocytes according to pollution rate. Further studies should be carried
out with different test systems and bio-indicator organisms.
The authors have declared no conflict of interest.
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ABSTRACT
In the paper, the content of heavy metal (Zn) in plants
of Kosmaj area was analyzed. Concentration of Zn was
measured at four locations, in vegetative parts - leaves of ten
plants (eight of them were woody plants and the other two
were herbaceous plants).
Results showed that samples of plant material from all
locations are not contaminated with heavy metal and, at the
same time, the results show lack of Zn at some locations,
as well. It is important to emphasize that Zn does not endanger the area of Kosmaj.

Accumulation and concentration of heavy metals in
plant tissues indicate an important role of some plant species as indicators for pollution degree of environment [12,
13].
Between different plant species, there are some differences in absorbing of heavy metals, depending on various
factors: its genetic characteristics, impact of root system
area, capacity of root system for ion absorption, form of
root parts, speed of evapotranspiration [14].
The aim of the paper was foccused, before all, on establishing of heavy metals content in plants of protected
natural area of Kosmaj. On the base of the results, some
appropriate protective measures could be undertaken.

KEYWORDS: contamination, Kosmaj, plants, protected natural
area, Serbia, Zn.

2. MATERIAL AND METHODS
2.1. Study site

1. INTRODUCTION
Plants can absorb heavy metals not only from air, but
also from the ground [1]. Heavy metals and their toxic effects on plants in the ground could be the consequence of
natural lithogenous and soil processes [2]. They can also
be caused by human factors that pollute environment [3].
An important source of heavy metals and other pollutants
in the ground and in plants originates from traffic [4-10].
Some authors describe Zn as a great stimulator. It is concluded that plants under higher intensity of light demand
moreZn than under shade. Lack of Zn decreases the quantity
of auxin, and at the same time increases the quantity of inorganic P, because Zn plays an important role in synthesis of
tryptophan. Then there is its participation in increasing the
quantity of reduced sugars. Under the influence of Zn, plants
resistance to drought is increasing [11].
Apart from many physiological disorders in plants,
lack of Zn causes also some damages like leaves chlorosis,
abnormal cells size, etc. A typical symptom of Zn lack is
small leaves. Too much Zncould be toxic. Enough quantity
of it increases resistance to some diseases.
* Corresponding author

The natural area of Kosmaj, located 45 km far away
from Belgrade, that is subject of the research, was treated
as protected area since 2005. Based on the special plan of
management for managing unit Kosmaj for the period
2006-2015, there is some important date – the whole area
of it is 652.99 ha, and the other area covers 7.24 ha [15].
Management unit “Kosmaj“ is located at the same
mountain and it is situated in the south of Belgrade between
4426´33” and 4429´09” northern latitude and between
1813´15” and 1816´10” eastern longitude.
On the base of tophographic map (1:50.000) management unit “Kosmaj” is situated within section Kragujevac 1.
In order to determine Zn concentration in the leaves of
10 plant species, sampling was performed at 4 locations at
the beginning of the growing season (May 2013):
Location 1 – Monastery of Tresije
Location 2 – Hajducica, peak of Kosmaj
Location 3 – monument at Kosmaj- control site
Location 4 – close to Posta restaurant.
These locations were chosen depending on the grade
of influence of pollution from different resources (for example, traffic pollution).
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After detailed checking of a few potential locations,
the location nearby the monument at Kosmaj was selected
as control site (Location 3), because the content of pollution was the least there. Traffic influence on that part of
Kosmaj area was excluded.
2.2. Plant species

Selection of representative locations where plant samples were collected for analyzing was performed very carefully, because it was necessary to select at each location the
same plant species for analysis, then to determine parameters with the most importance from emission and demission point of view, distance from the road, and many other
parameters and criteria. It was also necessary to select plant
species that showed an expressed ability of accumulation
heavy metals, which was confirmed during past researches.
Plant species selected for analysis:
Woody plants:
Tilia cordata Miller
Quercus cerris
Quercus conferta
Quercus petraeaLiebl
Prunus avium L
Fagus sylvatica
Pinus nigra
Acer campestre L.

burning at 450° C in treatment with HCl. From these solutions, concentration of Zn was measured. For each sample
there were performed three independent repetitions. Ash
quantity was measured and then mass of minerals in samples was calculated. During the process of mineralization,
the so-called dry way of making was used. For preparing
solutions, adequate process was used that demands ash
treatment with HCl, keeping under steam, and then quantitative transmitting with hot water in dishes for measuring
with 100 ml volume [16].
Content of heavy metals was determined with Atomic
Absorptive Spectophotometry, using Thermo series M device. Date of Zn accumulation were calculated by using
Standard Statistical Methods, Analysis of variance, LSDtesting for importance level of 0.05, while testing of midvalues importance was determined by using Duncan testing.

3. RESULTS AND DISCUSSION

Herbaceous plants:
Urtica dioica L.
Taraxacum officinale Web.
From all locations about 1-2 kg of plant material was
taken. After sampling, plant material was classified on the
base of species presence and its locations and dried at 105
°C. Heavy metals concentrations were determined after

At locations 1 and 2 (Fig. 1 and Fig. 2), mid-values of
Zn content on all plant species: Tilia cordata, Quercus cerris, Quercus conferta, Quercus petraea, Prunus avium,
Fagus sylvatica, Pinus nigra, Acer campestre, Urtica dioica, Taraxacum officinale are among each other statistically very different. Range of values is between A-J.
At location 3 (Fig. 3), near the monument, it can be
concluded on the base of the results that Quercus conferta
and Prunus avium belong to homogenous group – there are
no statistically significant differences in mid-values of Zn
content in these species. Mid-values of Zn content of Tilia
cordata, Quercus cerris, Quercus petraea, Fagus sylvatica, Pinus nigra, Urtica dioica, Acer campestre and Taraxacum officinale are very different not only between
each other, but also in comparison to other species.
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FIGURE 1 - Zn concentration in plant species at site 1 – Monastery Tresije.

3673

Average
28.96

© by PSP Volume 24 – No 11. 2015

Fresenius Environmental Bulletin

Site 2 - Zn (mg/g)
40
A

35
30
25
20

H

E

F

G

B

C

D

I

J

15
10
5
0

Site 2 - Zn (mg/g)

Quercus
petraea

Tilia cordata

16.28

16.58

Qercus
cerris

Prunus
avium

19.75

20.54

Pinus Tarax.
nigra oficonale

Urtica dio- Quercus Fagus syl- Acer camica
conferta
vatica
pestre
21.09

22.22

23.69

25.59

28.26

35.71

Average
22.97

FIGURE 2 - Zn concentration in plant species at site 2 – Hajdučica, peak of Kosmaj.
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FIGURE 3 - Zn concentration in plant species at site 3 – monument at Kosmaj.
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FIGURE 4 - Zn concentration in plant species at site 4 – close to restaurant Pošta.

At location 4 (Fig. 4), close to Posta restaurant, mid-values of Zn content for all species are statistically very different.

Bearing in mind Zn importance in plant feeding, much
more attention is devoted to lack of Zn than to its excess.
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Results in the paper indicate it is needed to follow and
make monitoring of Zn concentration in plants of Kosmaj
area. At locations 3 and 4, there are species like: Prunus
avium, Pinus nigra, Tilia cordata, Quercus conferta, Quercus petraea, Quercus cerris with Zn concentration below
20 microns per g.
Plant needs for Zn are very different, and its concentrations in plants are relatively small – between 20 and
50 ppm. Values less than 20 ppm in dry plant material is
critical for majority of plant species [17].

[3]

Piperski, J., Radišić, A. (2003). Kvalitet ambijentalnog vazduha:
Zakonska regulativa EU I Republike Srbije. Eko konferencija
2003, 24-27 septembra, Novi Sad, 251-255.

[4]
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Zeit. Forstw. No.109.

[5]
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[6]

Johnson, D.L. (1980). Health effects of particulate diesel exhaust
emissions. Masters Thesis, University of Texas at Austin, Texas.
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in plants. Turk. J. Bot. 25, 111-121.
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3, p. 59-66.

4. CONCLUSION
Based on results of Zn concentration in 10 plant species on four locations at Kosmaj area, it could be concluded:
 that there is a difference in accumulating of Zn for each
plant species
 due to the results for all plant species at each of the locations, calculated average values ranged from 28.96
microns per g at location 1 to 21.30 microns per g at
location 3
 from all plant species, the greatest accumulator was at
the first location – Pinus nigra with 57.99 microns per
g, while the least values were measured at the forth location in Tilia cordata – 15.33 microns per g
Kosmaj was announced as protected natural area with
special characteristics by decision of Belgrade Assembly
under number 501-890/05-XIII-01-from 2005.
Results of research of heavy metals content in plants at
Kosmaj, presented in this paper, are completely compatibile with putting this area under protective regime.
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FIRST RECORD OF LARVAL STAGE OF THE EUROPEAN
CONGER EEL CONGER CONGER (PISCES: CONGRIDAE)
IN IZMIR BAY (CENTRAL AEGEAN SEA OF TURKEY)
Burcu Taylan* and Belgin Hossucu
Ege University, Faculty of Fisheries, Department of Hydrobiology, 35100 Izmir, Turkey

ABSTRACT
In October 2012, in the vicinity of Uzunada in Izmir
Bay, a leptocephalus larva of the species Conger conger
(Linnaeus, 1758) was collected by vertical hauls using a
WP2 net (57 cm diameter mouth opening, 200 µm mesh
size). Morphometric measurements, such as total length,
pre-anal length, head height and eye diameter, and meristic
characteristics, such as total number of myomeres and preanal myomere number, were identified. Additionally, a figure with the shape of a leptocephalus larva as well as the
pigmentation structure was illustrated.

KEYWORDS: Conger conger, ichthyoplankton, leptocephalus, Izmir Bay, Aegean Sea

1. INTRODUCTION
Species of the family Congridae are generally characterized by their snake-like body. In the Mediterranean Sea,
there are three species of the family, namely Conger conger (Linnaeus, 1758), Gnathophis mystax (Delaroche,
1809) and Ariosama balearicum (Delaroche, 1809) [1].
Among these species, C. conger is a demersal species that
is found in rocky or sandy areas at 0-100 m depths along
the Atlantic coast of Europe from Norway to the Mediterranean Sea [2]. They reach sexual maturity after 5-15 years
and reproduction occurs in the summer months. Their
spawning area is from Egypt to the Sargasso Sea but they
also spawn in Northeast Atlantic, the Strait of Gibraltar and
the Azorean Islands [3-6]. It is generally believed that the
* Corresponding author

hatched leptocephalus larvae have a long larval life; however, studies on the subject are quite limited and will be
mentioned, in turn, [7, 8] searching the eggs and development of the conger eel. According to these researchers, the
European eel eggs have spherical shape and diameters of
2.40 to 2.75 mm. The yolk is transparent. The oil sphere
occupies the anterior part of the yolk. In the yolk sac larvae,
the oil-sphere becomes elongated. Head and anterior part
of the body are showing the continued reduction of the yolk
and the very large fourth ventricle. The oldest larvae have
an elongated body shape and five or six spots above the
alimentary canal along lower margin of the myotomes of
the tail. The upper and lower jaw consist of long teeth.
D’Ancona [9] researched the eggs and larvae of teleost
fish in the Gulf of Naples, and identified the leptocephalus
larvae in detail. Schmidt [3] researched the larvae of eels
and conger eels in the North Atlantic, and Castle [10] studied the congrid leptocephalus larvae in Australian waters
and identified two conger species (Conger wilsoni, Conger
verreauxi) in detail. The larvae of the family Congridae
were studied by Mochioka [11] in the North Pacific and by
Smith [12] in the North Atlantic. McCleave [4] researched
the spawning of the species Conger oceanicus and Conger
triporiceps and the distribution of the larvae in the Sargasso Sea. Strehlow [13] studied the distribution and ecology of the leptocephalus larvae of the family Congridae in
the North Atlantic.
When examining the studies carried out in Turkish
seas, Ak [14] determined the distribution and the abundance of pelagic eggs and larvae of teleost fish in the northeast Mediterrenean, and identified the larvae of the species
Ariosoma balericum and Gnathophis mystax of the family
Congridae. Avsar [15], in his study determining the abundance and the changes in composition of ichthyoplankton
in the Babadıllimanı Bay (Northeast Mediterranean), encountered larvae of the species C. conger. Coker [16] identified a larva of the species Gnathophis mystax of the family Congridae in a study in the Izmir Bay. On the other
hand, there are no records of the species reported in the
Aegean Sea. In this study, some morphologic and meristic
characteristics of leptocephalus larvae of the species C.
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conger, found for the first time in the Izmir Bay, are identified, and a detailed drawing of the specimen is provided.

2. MATERIALS AND METHODS
The Izmir Bay, one of the important bays in the Aegean Sea with regard to fishery, is located between 38ˮ
20̓ N and 38ˮ 40 ̓ N latitudes and 26ˮ 30̓ E and 27ˮ 10̓ E
longitudes.
In the study carried out in the Izmir Bay in October
2012, ichthyoplankton samples were collected using a
WP2 plankton net with 57 cm mouth diameter and 200 µm
mesh size. The sampling was carried out vertically. The
samples were brought to the laboratory fixed in a 4% formalin solution. Fish eggs and larvae were separated from
zooplankton material using an Olympus SZ 60 stereoscopic binocular, and the species of the larvae were identified using the studies of Ehrenbaum [8], D’Ancona [9], Lo
Bianco [17], Padoa [18], and Russell [19]. C. conger larvae
were caught at one station. Morphometric measurements,
such as total length (TL), pre-anal length (PAL), head
height (HD) and eye diameter (Edi), and meristic characteristics, such as total myomeres number (TNM) and preanal myomeres number (PAM) of the C. conger larvae
were recorded.

3. RESULTS
A total of three C. conger larvae were caught and analyzed. The obtained morphometric and meristic values are
given in Table 1.
TABLE 1 - Conger conger: range of values of larval measurements.
Range
Total length (TL, mm)
Pre-anal length (PAL, mm)

7.9-8.5
5.6-6.0

Head height (HD, mm)

0.81-0.82

Eye diameter (Edi, mm)

0.32

Total myomere number (TNM)
Preanal myomere number (PAM)

150-154
51-59

The C. conger larvae have a long and thin body with a
simple, tubi-form intestine. The anus is located relatively

towards the end of the body (at 71% of the total length).
There are long teeth on the front part of the jaws. The eyes
are round. With regard to pigmentation structure, there are
6 large pigments; about middle of yolk, halfway between
this and end of yolk, at the end of yolk, in front of anus,
behind anus and about the tip of the tail. There are no pigments on the dorsal side of the body. The characteristics of
the larvae are illustrated in Fig.1. This figure has similarities to the drawing of the 10.2 mm leptocephalus larva by
Ehrenbaum [8].

4. DISCUSSION
Studies on the C. conger leptocephalus larva are quite
limited. The smallest larvae of Conger conger known is
that described by Grassi [9]. It is 8 mm long and 1 mm
high, eye oval, pre-anal myomeres number 93, post-anal
63. Pigmentation consisting of 7 fairly large dots along the
intestine, 10 smaller dots behind the anus at the base of the
anal fin and others on the caudal fin. D’Ancona [9] studied
larvae 150 mm in length in his research where he identified
the eggs and larvae of teleost fish in the Gulf of Naples. In
his study, in the North Atlantic, Schmidt [3] identified the
total myomeres number as 154-159 in 201 specimens,
while Strehlow [13] determined the total myomeres number as 148-155. In their study of 184 specimens, Correia
[20] reported the total myomeres number to be between
154-163. The total myomeres number determined in the
present study is similar to those reported in other studies.
The comparison of C. conger larval measurements with the
findings of other researchers is given in Table 2.
The spawning period of the species identified in the
field study carried out in October in the Izmir Bay is August–November months [17]. Avsar [15] identified C. conger larvae in the Northeast Mediterranean Sea in the
months of October, November and December. Hence, the
fact that the larvae were identified in the Izmir Bay in October corresponds to the spawning period of the species in
the Mediterranean. The species C. conger are known to
range 50 m depths with the purpose of reproduction [1]. The
depth in Uzunada area, where the larvae were collected in
the present study, is approximately 50 m and with an area
of posidonia meadows. The results obtained in our study
support the results mentioned above.

FIGURE 1 - Conger conger post-larva (total length 7.9 mm).
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TABLE 2 - Comparison of Conger conger larval measurements with other studies.
Researchers

Location

N

TL (mm)

TNM

PAM

D’Ancona (1931) [9]
Schmidt (1931) [3]
Castle (1970) [21]
Strehlow et al. (1998) [13]
Correia et al. (2002) [20]
Correia et.al. (2002) [20]
Present study

Gulf of Naples
North Atlantic
South American
North and Central Atlantic
Northern Portugal
Azores Islands
Aegean Sea

201
2
355
184
29
3

8-150
91.5-127
32-165
103-153
51.5-126.5
7.9-8.5

148-155
154-163
154-159
148-155
154-163
155-161
150-154

58-59
47-65
51-59

N= number of samples, TL = total length, TNM = total myomere number, PAM = pre-anal myomere number

[14] Ak, Y. (2004) The Abundance and Distribution of the Pelagic
Eggs and Larvae of Some Teleost Fishes in off Erdemli, Mersin. PhD thesis. Ege University, Izmir, pp. 387 (In Turkish).
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1
College of Economics and Management, Nanjing Forestry University, Nanjing, 210037, China
Center for the Yangtze River Delta’s Socioeconomic Development, Nanjing University, Nanjing, 210093, China
3
Research Center for Economics and Trade in Forest Products of the State Forestry Administration, Nanjing, 210037, China
2

1. INTRODUCTION

ABSTRACT
Forest products exhibit natural carbon-storage functions and alternative emission effects necessary to mitigate
climate change effectively. Carbon flow, which is generated
along with forest products trade, has been considered as an
important topic of inter-governmental climate negotiations
and distribution of climate responsibilities. Based on a case
study of harvested wood products (HWP), the Global Forest Products Model (GFPM) and stock change approach
were used in this research to simulate and analyze regional
and national carbon flow in the trade from 2010 to 2030.
Results show that Europe, Asia, and North/Central America are the major regions of such a carbon flow in the world;
their corresponding total trade carbon flow will reach upto
75.9, 43.0, and 33.0 Tg C by 2030, respectively. Among
these regions, Europe and Asia are the largest and most principal net outflow and inflow regions, respectively; the corresponding net carbon flows will reach 28.2 and 17.3 Tg C by
2030, respectively. Developed countries will remain in a
dominant position in the carbon flow of HWP trade from
2010 to 2030, and will be net carbon outflow countries in
HWP trade. By contrast, developing countries will be accounted for the net inflow in the carbon flow of HWP trade.
Gross trade carbon flow and net trade carbon flow of both
groups are likely to be exhibited as an increasing trend. In
terms of product structure of HWP trade carbon flow, developed countries will focus on exporting sawnwood with higher
carbon-storage performance, and on importing paper and paperboard with lower carbon-storage performance. Developing countries will experience completely opposite circumstances. However, product structure greatly differs among
these countries.
KEYWORDS: harvested wood products, carbon flow, GFPM, stock
change approach, climate negotiation

* Corresponding author

Climate change is a major environmental problem that
should be addressed urgently. For instance, the total carbon
emission generated by global fossil fuels in 2011 reached
9.5 ± 0.8 Pg C, representing an increase of 54% since 1990.
In addition, the annual increase rate of carbon emission
from 2000 to 2011 was higher than that from 1990 to 1999
[1]. As a result, all countries have been prompted to reduce
greenhouse gas emission and to mitigate climate change
[2]. To mitigate climate change, environmentalists employed effective approaches in which natural carbon-storage function and alternative emission effects of forest products are considered [3-6]. Furthermore, carbon flow, which
is generated along with forest products trade [7], has been
an important topic of intergovernmental response to negotiations of climate change and distribution of climate responsibilities [8].
The carbon flow of forest products trade is of great importance in the inter-state change of the carbon pool. The
carbon stock of forest products can also be increased to
compensate for the reduction in greenhouse gas emission
in Annex I countries included in the United Nations Framework Convention on Climate Change (UNFCCC) [3]. As a
link of inter-state carbon pool, the carbon flow of forest
products trade likely affects data regarding carbon pools
and carbon stocks of forests, and forest products in various
countries; furthermore, carbon flow possibly influences exporting or importing countries with a compulsory responsibility of emission reduction [9]. For instance, Nabuurs et
al. [10] reported that the increased effect on carbon pool is
much greater than that on carbon sink which can be obtained by a country through domestic forest cultivation when
a country promotes its carbon pool by importing forest
products through trade [10]. Therefore, carbon stock and
emission transfer as a consequence of international trade
should not be overlooked; otherwise, the effects of executing emission reduction agreements among contracting countries of UNFCCC are likely to be reduced [11].
The carbon flow of forest products trade possibly
causes issues concerning embodied carbon and related dis-
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tribution of climate responsibilities. Forest products, especially harvested wood products (HWP), such as woodbased panels, sawnwood, and paper products, likely generate much carbon emissions during processing [12]. Forest
products trade is characterized by external environmental
costs [7]. In particular, developing countries at a low-end
position in international industrial specialization usually
export ordinary manufactured products with high carbon
emission, and import high value-added products and services with low carbon emission. Therefore, a net export of
high amounts of embodied carbon emission is detected
among developing countries [13]. However, the definition of
responsibilities of embodied carbon remains a controversial
topic during inter-governmental climate negotiation, and no
official document has been prepared in this regard [14].
The carbon flow of forest products trade possibly and
indirectly affects forest carbon stock of importing and exporting countries. Countries with rare forest resources and
Annex I countries can protect domestic forest resources,
and maintain forest carbon stock levels by importing forest
products [15]. Kastner et al. [16] further reported that several developed countries have accelerated the recovery of
domestic forests and the promotion of forest carbon stock
levels by importing timber. However, forest products trade
causes forest eco-pressure and forest carbon stock loss to
countries exporting forest products [15, 17].
Studies have discussed and explored the carbon flow
of forest products trade, and its influence at multi-level and
multi-angle aspects; studies have also provided accurate
data, which can be used as references. However, other studies have focused on inter-state analysis rather than on global
carbon flow of forest products trade, and future change patterns based on global perspective. Future carbon flow change
among regions and major forestry countries should be predicted; such data are of great importance in climate negotiations and distributions of climate responsibilities. Based on
a case study of HWP, the Global Forest Products Model
(GFPM) and a stock change approach were applied in this research to simulate and analyze carbon flow trade in the world
from 2010 to 2030.

2. MATERIALS AND METHODS
2.1 GFPM

GFPM is a global dynamic equilibrium model of forest
product issues with the special financial aid of FAO [18].
GFPM is a common method used to investigate forest products trade [19]. Based on 30-years international deliberation
and evaluation, this model was recognized by the international academic community. Furthermore, this model has
been applied in several aspects, such as resources, environment, and climate change [20]. The market equilibrium of
14 categories of forest products has been simulated among
180 trade countries and regions worldwide; based on this
simulation, GFPM can completely and objectively show
the trend of forest products trade and market development.

This model is also based on the setup of FAO database;
furthermore, the classifications of forest products are in accordance with the FAO classifications applied in current
HWP carbon stock studies; thus, HWP carbon stock can be
calculated. GFPM is mathematically expressed as follows:
GFPM includes 4 parts: demand, supply, manufacture,
and trade. In a restrictive state [Eq. (1)], these 4 economic
activities reach market equilibrium. The function is defined
as follows:

max Z   
i
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where Z represents the social welfare, I and j are any
two countries, k is a type of final product, P is the price,

D

is the final product demand,

S is the supply of raw

m is
the manufacturing cost, T is the trade volume, and c is
materials,

Y

is the quantity of processed products,

the per unit transport cost, including customs duty and
other taxes. The balance of the sum of the value of all final
products of all countries to consumers minus the costs of
all raw materials, of manufacturing, and of transport consumed to yield these end products likely reaches the maximum when forest product market reaches equilibrium. This
restrictive condition is economically significant because
world market equilibrium is determined by the maximum
social surplus [21].
Economic activities should satisfy resource and technical restrictions, including material equilibrium restriction
[Eq. (2)] and conversion flow of forest products (Fig. 1).
Material equilibrium restriction is expressed as follows:

T

ijk

j

 Sik  Yik  Dik   aiknYikn   Tijk (2)
n

where aikn is the quantity of product,

j

k to be invested to

yield each unit of n product in the country i. Equation (2)
is also economically significant because the sum of import
volume and supply volume is equal to the sum of consumption volume and export volume in any type of product in
any country; thus, resource equilibrium and market clearance are obtained. The material flow of forest products describes the conversion from forest resources to HWP. In
Fig. 1, primary products become end products through processing along the direction of the solid arrow, and industrial roundwood can be used to produce fuelwood when
fuelwood price increases to a certain extent, as indicated by
the dotted arrow.
The 4 exogenous variables of GFPM include annual
increase rate of GDP, annual increase rate of GDP per capita, changes in forest covers, and change in forest stocks.
The annual increase rate of GDP affects the change in market demand and supply of some products. The change
in forest area and forest stock affects the supply of wood.
The change in forest area and forest stock is determined by
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FIGURE 1 - Flow and transformation of forest products in the GFPM.

GDP per capita and environmental Kuznets curve when
forest resources are endogenous. By contrast, the change in
forest area and forest stock is expressed artificially when
forest resources are exogenous. Based on previous studies
[22-24], we apply an endogenous simulation of forest resources in 179 countries, except China; the annual increase
rates of the Chinese forest area and the Chinese forest stock
are set at 1%. The change in the annual increase of GDP in
this study is based on the data from 2010 to 2019 of the
World Economy Outlook 2014 [25]. The GDP change
from 2020 to 2030 in the present research is based on the
method indicated by Buongiorno et al. [26] which assumed
that national GDP per capita would converge at regional
level [24]. This research considers the regional GDP per
capita change in the A1B scenario of the IPCC Special Report on Emission Scenarios [27], applies the logarithmic
method of Buongiorno et al. [26], and derives the annual
increase rate of GDP and GDP per capita of various countries from 2020 to 2030 based on 2019 data [24].
2.2 Stock change approach

Based on future HWP trade change simulated in GFPM,
carbon-flow should be analyzed using a suitable model of
carbon stock calculation. Currently used HWP calculation
models include default approach, stock change approach, atmospheric flow approach, and production approach defined
by IPCC [28]. However, previous findings showed that default and production approaches exhibit theoretical or practical defects [5, 29]; thus, calculation feasibility is low.

Stock change approach uses national geographical territory
as calculation boundary, and carbon stock brought by HWP
trade is included in the carbon pool of importing countries
while the carbon emission is included for exporting countries; by contrast, atmospheric flow approach uses the atmosphere as calculation boundary and records exporting
countries as carbon clearing in trade but merely includes
importing countries, which are the final consumers of forest products as carbon stock increases [28]. Stock change
approach can help to analyze carbon flow in forest products
trade more efficiently and graphically. This approach is
also more valuable in climate negotiation and responsibilities based on national carbon pool. Therefore, this research
uses the stock change approach to analyze global trade carbon flow from 2010 to 2030. Stock change approach is
used to quantify HWP carbon stock, as expressed in Eq. 3.

C V  F V  D R
(3)
where C is the carbon content of HWP, V is the volume
of HWP, F is the carbon conversion factor, D is the
basic density, and R is the carbon fraction. The HWP defined in this research is classified into three types: sawnwood, wood-based panels (plywood, fiberboard and particleboard), and paper and paperboard (newsprint, printing
and writing paper, and other paper and paperboard). Other
industrial roundwood is excluded as a research category in
this study because of the absence of trade data. Carbon conversion factors, basic densities, and carbon fractions of the
3 types of HWP are summarized in Table 1.

TABLE 1 - Basic density, carbon fraction, and carbon conversion factor of HWP.

D
R
F

Sawnwood
Temperate sawnwood

Tropical sawnwood

0.45 dry t/m3
0.5
3

0.225 t/m

Wood-based panels

Paper and paperboard

0.59 dry t/m3

0.68 dry t/m3

0.9 dry t/t

0.5

0.468

0.5

3

3

0.295 t/m

0.294 t/m

0.45 t/t

Note: Data are obtained from IPCC (2006). One unit of dry t is equal to 1 ton of the product without any water. Considering that 13% of sawnwood
was recorded from the tropics in 2010, we assumed that the carbon conversion factor of sawnwood was 0.234, which is the weighted average of
temperate and tropical sawnwood.
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3. RESULTS AND DISCUSSION
3.1 Regional carbon flow in HWP trade from 2010 to 2030

Based on these approaches and data, this research simulates the HWP trade carbon flow of various regions from
2010 to 2030 (Fig. 2), including gross trade carbon flow
[imported carbon flow + exported carbon flow; Fig. 2 (a)]
and net trade carbon flow [imported trade carbon flow −
exported carbon flow; Fig. 2 (b)]. As a reference, this research also provides historical data from 1992 to 2009.
Europe remains the region with the largest carbon flow
from 2010 to 2030, based on gross trade carbon flow of
HWP; the carbon flow in Europe is equivalent to the sum
of the trade carbon flow in other continents. However, the
trade carbon flow of Europe will decline by approximately
25% to 75.9 Tg C in 2030. The carbon flow in Asia and
North/Central America is only second to that of Europe;
both carbon flow values likely undergo a “slight decline +
steady recovery” from 2010 to 2030. However, the gross
trade carbon flow of North/Central America likely follows
a decreasing trend, and will be reduced to 33.0 Tg C in
2030, if 1992 is used as the base year; indeed, this reduced
value is equivalent to its level in 1992. By contrast, the gross
trade carbon flow of HWP in Asia follows a continuously
increasing trend and likely reaches 43.0 Tg C in 2030; this
increased value is twice than that of the value in 1992. The
gross trade carbon flow of HWP in other regions is relatively
small. Compared to that in South America and Oceania, the
carbon trade flow of Africa follows an increasing trend,
grows by >16% from 2010 to 2030, and reaches 6.73 Tg C,
which is equivalent to 3.7 times that in 1992.
All regions, except South America and Europe, will be
the net inflow region of HWP carbon stock. Among these
regions, Asia has the largest net inflow of HWP carbon
stock; furthermore, the annual net inflow of HWP carbon
stock in Asia increases at an annual average rate of approximately 3.4%. The annual net inflow of HWP carbon stock
will reach approximately 17.3 Tg C by 2030; this value is

2 times and 4.6 times more than that of 2010 and 1992,
respectively; likewise, the annual net inflow of HWP carbon stock is 1.7 times more than the sum of net inflow in
other regions. Among regions with the net outflow of HWP
carbon stock, Europe has the highest and rapidly increasing
net outflow of HWP. The HWP carbon stock net drain of
Europe will reach 28.2 Tg C in 2030, and this value is 57.4
times higher than that of South America, which is another
net outflow region. South America has an annual average increase rate of 3.8%, which is higher than that of Asia with
the highest net inflow. In addition, North/Central America,
as the largest net outflow region of HWP carbon stock in
1992, will be considered as a net inflow region of HWP carbon stock in 2022; moreover, North/Central America maintains an annual average net inflow of HWP carbon stock of
approximately 0.2 Tg C during the next eight years.
3.2 Carbon flow of HWP trade among major forestry countries
from 2010 to 2030

In this research, 15 representative forestry countries in
various regions, including 10 developed countries and 5 developing countries, are selected on the basis of the HWP
trade volume. The changes in HWP trade carbon flow in various countries from 2010 to 2030 are shown in Table 2.
The highest gross trade carbon flow of HWP is recorded in developed countries with an overall flow of more
than 100 Tg C, which is equivalent to 2.1 to 2.9 times
higher than that of developing countries. However, the
gross carbon flow in developed countries shows a continuous decrease from 2010 to 2030, with an annual average
decline rate of 1.2% and an accumulative decline of 20.8%
in 20 years. By contrast, the gross trade carbon flow in developing countries follows a slightly increasing trend in the
same period and will reach 53.2 Tg C by 2030; this trend
represents a growth of 7.8% higher than that of 2010. The
major trade carbon flow occurs in EU-27, USA, and Canada among developed countries; among these countries,
Germany will have the largest HWP trade carbon flow in

FIGURE 2 - Regional carbon flow in HWP trade from 1992 to 2030: (a) Gross carbon flow in HWP trade, and (b) Net carbon flow in HWP
trade.
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TABLE 2 - Carbon flow in HWP trade of major forestry countries from 2010 to 2030 (Tg C).
Country

Gross carbon flow of HWP trade
2010
2015
2020
2025

2030

Net carbon flow of HWP Trade
2010
2015
2020
2025

DEVELOP
141.7
124.6
116.6
112.9
112.2
−13.3
−16.5
-ED. ALL.
Canada
13.1
12.3
12.5
13.0
13.9
−8.3
−8.7
USA
17.7
15.7
15.0
15.4
16.0
3.7
4.4
Japan
4.5
3.8
3.1
2.5
2.0
3.0
2.8
Korea Rep.
2.5
2.6
2.8
3.0
3.0
0.0
0.0
Australia
1.7
1.4
1.3
1.2
1.0
0.5
0.4
N. Zealand
1.2
1.0
0.9
0.7
0.6
−0.8
−0.6
EU-27
88.3
76.4
70.7
67.8
66.8
−8.2
−11.7
Austria
5.4
5.0
5.0
5.2
5.7
−2.8
−3.0
Finland
7.0
6.7
6.7
6.8
7.0
−6.1
−6.1
Germany
17.0
15.1
14.8
15.7
17.2
−2.6
−4.3
Sweden
8.1
7.9
7.8
7.8
7.8
−6.4
−6.6
DVELOP
49.3
47.5
47.8
49.8
53.2
9.1
11.8
-ING. ALL.
Brazil
2.2
2.1
1.9
1.8
2.2
−1.0
−1.2
China
12.5
12.4
12.8
14.1
16.4
1.6
3.4
−2.4
Indonesia
3.2
3.2
3.5
3.8
4.3
−2.4
Malaysia
3.3
2.9
2.6
2.3
2.2
−1.3
−1.1
Russia
6.9
6.6
6.3
6.0
5.7
−5.0
−5.1
Note: S. W. = sawnwood. P&P = paper and paperboard, W. P. = wood-based panels.

the world in 2030. Among developing countries, China,
Russia, and Indonesia will have the largest HWP trade carbon flow in 2030. For instance, the gross carbon flow of
China will reach 16.4 Tg C, and China will have the second
largest HWP carbon flow in the world.
The net trade carbon flow of HWP in developed countries shows an overall net outflow of carbon; this absolute
quantity will grow continuously at an annual average rate
of 2.2% from 2010 to 2030. In 2030, the net trade carbon
flow of developed countries will reach 25.6 Tg C. By contrast, the net trade carbon flow of HWP in developing
countries exhibits a net inflow of carbon; furthermore, the
net inflow quantity will grow continuously from 9.1 Tg C
in 2010 to 20.9 Tg C in 2030. Among the developed countries, the seven representative countries other than USA,
Japan, and Australia have a net outflow of HWP trade carbon flow. Canada and EU-27 are the principal regions of
net carbon outflow. Canada and Germany will become the
largest net outflow countries of HWP trade carbon flow in
2030, with a total net outflow of 24.3 Tg C. Among developing countries, the 4 representative countries other than
China show a net outflow of HWP trade carbon flow.
Among developing countries, Russia is the largest country
with net carbon outflow. The net carbon inflow of China will
grow at a high annual average rate of 9.1% from 2010 to
2030, with a 4.7-fold accumulative increase in 20 years, possibly reaching 9.0 Tg C. Consequently, China will have the
second largest net inflow of HWP trade carbon flow in the
world, only next to the USA.
3.3 Carbon-storage performance and HWP trade carbon flow
among major forestry countries in 2030

The importance of HWP carbon stock involves the inherited forest carbon sink and lagged carbon release of
HWP [5, 29]. HWP carbon release lags because of half-life

2030

Main
export

Main
import

−18.7

−21.8

−25.6

S. W.

P&P

−9.7
6.3
2.4
−0.1
0.5
−0.5
−14.7
−3.5
−6.2
−6.3
−6.7

−10.8
8.6
1.9
−0.2
0.5
−0.4
−19.1
−4.1
−6.4
−9.2
−6.8

−12.2
10.8
1.6
−0.2
0.5
−0.3
−23.8
−4.8
−6.7
−12.1
−7.0

S. W.
P&P
P&P
P&P
P&P
W. P.
P&P
P&P
P&P
P&P
S. W.

P&P
P&P
W. P.
W. P.
P&P
P&P
P&P
P&P
P&P
P&P
W. P.

13.9

17.0

20.9

P&P

S. W.

−1.3
4.8
−2.8
−1.0
−4.9

−1.2
6.7
−3.2
−0.8
−4.6

−1.2
9.0
−3.6
−0.4
−4.3

P&P
P&P
P&P
W. P.
S. W.

P&P
S. W.
W. P.
P&P
W. P.

period. The half-life period of sawnwood and wood-based
panels of 30 years and the half-life period of paper and paperboard is only 2 years; paper products show evident weakness in carbon storage performance [28]. Table 2 summarizes exported and imported products with the largest HWP
trade carbon flow in 2030 among representative large forestry countries; thus, HWP trade carbon flow can be analyzed on the basis of product structure.
The overall HWP trade carbon flow in developed countries by export is mainly attributed to sawnwood; likewise,
the overall HWP trade carbon flow in developed countries
by import is mainly contributed through paper and paperboard. The most typical country in this regard is Canada.
Based on carbon storage performance, this product structure implies that countries, such as Canada, exhibiting
more net carbon outflow, which is more beneficial for the
corresponding countries with carbon inflow. However, this
structure is more advantageous in the promotion of domestic long-term carbon sink level in countries, such as Japan
and South Korea, which import products with high carbonstorage performance and export products with low carbonstorage performance. Most of the imported and exported
products of other developed countries with the largest trade
carbon flow belong to the same half-life type, with almost
equal carbon-storage performance. The product structure
of HWP trade carbon flow in developing countries shows
generally an opposite trend. Developing countries focus on
importing sawnwood with high carbon-storage performance and export paper and paperboard with low carbonstorage performance, which may help developing countries
with high trade carbon net inflow further to enhance carbon-sink levels. The representative developing countries with
this type of structure are China and Indonesia. China is also a
major country with trade carbon inflow. In contrast to other
countries, China is the largest furniture exporting country
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in the world [30]. Carbon found in sawnwood imported by
China often flows out of this country in the form of furniture
end products. However, furniture is not considered as HWP
by the FAO classification. Therefore, the HWP trade carbon
flow of China should be further investigated.

4. DISCUSSION
Uncertainty: The uncertainty of this research is mainly
attributed to GFPM and carbon-stock calculation. This research analyzes the world HWP trade carbon flow from
2010 to 2030 on the basis of the simulation effect of GFPM.
Although GFPM has a precise theoretical system that can
predict the future overall trend of global forest product trade,
accurate simulation will require more parameters in terms
of categories, quantities, and accuracy of future exogenous
variables; thus, uncertainty of simulation results may be
observed [18]. The carbon stock calculation result of this
research is also based on various parameters by IPCC [28];
the size and the accuracy will contribute to the uncertainty
of research results.
HWP classification: The present mainstream HWP carbon stock calculation scope is based on the other industrial
roundwood, sawnwood, wood-based panels, and paper and
paperboard categories under the FAO classification system.
In terms of industrial chain, these materials are not end products. In particular, sawnwood and wood-based panels are often raw materials of end products, such as furniture. The
HWP carbon-stock calculation based on the existing FAO
classification system slightly deviates from the real HWP
trade carbon flow state of a country; this topic will also be
an important research direction in the future.

5. CONCLUSIONS
From the perspective of climate negotiation, this research uses the GFPM and the stock change approach to
simulate and analyze the trade carbon flow of various continents and representative forestry countries in the world
from 2010 to 2030. The following conclusions are drawn:

developed countries from 2010 to 2030 is more than 100 Tg
C, which can be 2.1 to 2.7 times higher than that of developing
countries. In addition, developed countries show the net outflow of HWP trade. In 2030, their net outflow will have
reached 25.6 Tg C. By contrast, developing countries show
a net inflow of HWP trade carbon flow. Gross trade carbon
flow and net trade carbon flow of developing countries exhibit an increasing trend; these parameters will reach 53.2
and 20.9 Tg C in 2030, respectively. The major countries
of HWP trade carbon flow in the world include Germany,
China, the USA, and Canada. Canada and Germany are the
largest net outflow countries; the USA is the largest net inflow country.
In terms of the product structure of HWP trade carbon
flow, developed countries will focus on exporting sawnwood with higher carbon storage performance and on importing paper and paperboard with lower carbon storage
performance. By contrast, developing countries will have
completely opposite circumstances. However, the product
structure of HWP trade carbon flow significantly differ
among specific countries. Therefore, the HWP trade flow
product structure based on the HWP carbon-storage performance level will affect the long-term HWP carbon sink
level in various countries.
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Europe, Asia, and North/Central America will be the
major regions of HWP trade carbon flow in the world from
2010 to 2030, with their gross trade carbon flow in 2030
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Developed countries occupy a dominant position in the
carbon flow of HWP trade. The total trade carbon flow of
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ODORLESS, CATALYST-FREE SYNTHESIS OF
DIARYL SULFIDES USING K2S AS SULFUR SOURCE
Zhijie Li, Laixi Sun*, Lu Yang and Qingle Zeng*
Institute of Green Catalysis and Synthesis, College of Materials and Chemistry &
Chemical Engineering, College of Energy, Chengdu University of Technology, Chengdu 610059, P.R. China

ABSTRACT
A new protocol of direct, odorless and catalyst-free synthesis of diaryl sulfides using potassium sulfide as sulfur
source is described here. A number of diaryl sulfides were
synthesized with yields up to 96%. This protocol has some
merits, such as simple procedure, atom economy (no catalyst
and no additive), odorlessness, environmental benign.
KEYWORDS: potassium sulfide, catalyst-free synthesis, diaryl sulfides, green chemistry, synthetic method

thiocyanate [30], alkanethiolate, potassium xanthate [31],
diaryl sulfides [32], etc., are used as odorless sulfur source
in synthesis of diaryl sulfides.
Inorganic potassium sulfide is stable, structure-simple
and cheap sulfur source [33-34]. As our continuous research on asymmetric sulfur oxidation [35-38], we used
potassium sulfide as sulfur source to explore a new C-S
bond formation reaction. Moreover, during our research, to
our surprise, we found that diaryl sulfides can directly be
synthesize from aryl halides and potassium sulfide without
catalyst, as shown in Scheme 1.

1. INTRODUCTION
R

Diaryl sulfides are a class of important compounds.
They are widely used in synthesis of drugs and biological
sciences, for example, antidiabetic drugs, anti-inflammatory drugs, anti-alzheimer's drugs, Parkinson's therapeutic
drugs, anti-cancer drugs and anti-AIDs drugs [1-2]. Moreover, they are used in preparation of functional polymer
materials [3-5].
The traditional construction of C-S bond often requires
more harsh conditions, such as use of polar solvent (HMPA
(hexamethylphosphoramide)), higher reaction temperature
(200 C), strong reductant (DIBAL-H (diisobutylaluminium hydride) or LiAlH4) [6-8].
In order to overcome these shortcomings, Migita reported the coupling reaction of aryl halides and thiophenols
under the catalysis of Pd(PPh3)4 in 1980 [9]. After that,
chemists developed some other catalytic systems, such as
the Ni [10-12], Pd [13-18], Fe [19-20], Co [21]. And then
transition metal-catalyzed C-S cross coupling becomes a
kind of important method to build C-S bond [22]. Although
this method has high efficiency, it has some shortcomings,
for example, expensive palladium catalyst, toxic phosphorus ligands. As a kind of common catalyst, copper is widely
used in the C-S cross coupling reactions [23-25].
The common synthetic methods of diaryl sulfides are
based on aryl halides and thiophenols with foul smell [2627]. Recently thiourea [28], aminothiourea [29], potassium
* Corresponding author

X

+ K2S

S

DMF, 120 oC
24 h

R

R

SCHEME 1 - Catalyst-free, odorless synthesis of diaryl sulfides using
K2S as sulfur source

2. MATERIAL AND METHODS
2.1 Material

The chemicals and reagents were purchased from Aldrich, Acros, Alfa Aesar, Aladdin, or Changzheng chemical companies, and used without further purification.
2.2 Detection method

The purities of all the synthesized compounds were
checked by thin-layer chromatography (TLC) using suitable organic solvents. The IR spectra were recorded on a
Bruker Tensor-27 FT-IR spectrophotometer in KBr discs.
1
H NMR spectra were recorded on a Bruker Advance 300
or 400 MHz NMR spectrometer in CDCl3 or DMSO-d6
containing tetramethylsilane (TMS) as an internal standard.
Melting points were determined on an X-4 melting-point
apparatus with microscope and were uncorrected.
2.3 General procedure

To an oven-dry 20 mL test tube with ground joint neck
equipped with a magnetic stirrer bar was added aryl halide
(2 mmol), K2S (1.2 mmol), DMF (5 mL). The test tube was
sealed with a sleeve stopper, and evacuated in vacuum and
refilled with argon for three to five cycles. Then the test
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tube was put into an oil bath preheated at 120 oC and kept
stirring for a certain period. When the test tube was cooled
to room temperature, the reaction mixture was dispersed
with water (20 mL) and extracted with a solution (20 mL)
of ethyl acetate and petroleum ether (3/1 v/v) for three
times. The combined organic layer was condensed. The residual was purified on a silica gel chromatography column
(300 to 400 meshes) with a mixture of petroleum ether and
ethyl acetate (from 1/0 to 2/1 v/v) as eluent. And the desired eluate was condensed on a rotary evaporator to give
the target product diaryl sulfide. All of the diaryl sulfides
were characterized with 1H NMR and 13C NMR, and their
spectral data are coincided with the reported data.

3. RESULTS AND DISCUSSION
Firstly, in order to verify the feasibility of potassium
sulfide as sulfur source, a common Ullman coupling with
CuI as a catalyst and potassium sulfide as sulfur source was
performed in DMF at 100 oC. Fortunately, a moderate yield
(67%) was obtained (Entry 1). Increase of temperature to
120 oC results a much higher yield (88%). Inspired by recently reported catalyst-free reactions [39-40], we intentionally performed a reaction without CuI catalyst, and we
surprisingly found that the yield remained very high (Table
1, entries 3 vs. 2).
TABLE 1 - Optimization of the reaction conditions[a]

+

Catalyst

K2S

Solvent
Temp(oC)

I

S

Entry Catalyst Solvent K2S/ArX Yield (%)
1[b]
CuI
DMF
1.2/2
67
2
CuI
DMF
1.2/2
88
3
--DMF
1.2/2
89
4
--DMF
1.0/2
80
5
--DMA
1.2/2
79
6
--DMSO
1.2/2
59
7
--xylene
1.2/2
<5
[a] Reaction conditions: potassium sulfide (1.2 or 1.0 mmol), CuI (0.05
mmol) or no catalyst, aryl halides (2 mmol) in DMF (5 mL) at 120 C for
24 hours, unless otherwise mentioned. [b] 100 C.

According to the above experiment results, iodobenzene
and potassium sulfide were used as model substrates to further optimize the reaction conditions (Table 1, Entry 3-7).

X
+

R

K2S

nucleophilic
substitution
DMF,120 oC
24 h

Finally we achieved the optimized reaction conditions: potassium sulfide (1.2 mmol), aryl halides (2 mmol) in DMF
(5 mL) at 120 C for 24 hours.
Next, the C-S coupling reaction of various aryl halides
and potassium sulfide were investigated (Table 2). Steric
hindrance influences the results of the reaction. For example, among the iodo-substituted toluene, ortho-iodotoluene
gave the lowest yield (Entry 4 vs. 2-3).
The strong electron-withdrawing groups, such as nitro
(Entries 5 and 6), fluoro (Entry 7), cyano (Entry 8), on aryl
halides benefit the nucleophilic aromatic substitution.
It seems that steric hindrance has a great impact on the
yield than electrical property of a substituent. Although cyano and acetyl groups are electron-withdrawing groups,
their ortho-haloarenes gave low yields (Entries 9 and 10).
Expectedly, electron-donating groups result in low reactivity. Both of p-methoxyl gave low yields (Entries 11).
Moreover, we also examined the reactions of 2-bromopyridine (Entry 12), but a low yield was encountered.
TABLE 2 - Odorless, catalyst-free reaction of aryl halides and potassium sulfide [a]

R

X

+

S

DMF, 120 oC

K2 S

24 h

R

R

Entry
Yield (%)
R
X
1
H
I
89
2
p-CH3
I
57
I
30
3
m-CH3
I
12
4
o-CH3
I
96
5
p-NO2
I
82
6
m-NO2
7
p-F
I
94
8
m-CN
I
82
9
o-CN
Br
52
10
o-Ac
Br
26
I
33
11
p-CH3O
12
2-Pyridyl
Br
30
[a] Reaction conditions: potassium sulfide (1.2 mmol), aryl halides (2
mmol) in DMF (5 mL) at 120 C for 24 hours.

According to the above investigation and experimental
results, we think the mechanism of this reaction belongs to
aromatic nucleophilic substitution (Scheme 3). At first, potassium sulfide acts as a nucleophilic reagent to attack aryl
halide, which gives potassium thiophenolate. And then potassium thiophenolate attacks another aryl halide molecule
to give symmetric diaryl sulfide.

R
SK

X

S
R

R

SCHEME 3 - A plausible mechanism for the reaction of aryl halides and potassium sulfide.
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4. CONCLUSIONS
In summary, we provide a more effective and greener
method for synthesis of symmetric diaryl sulfides in this
paper. The new method is about catalyst-free synthesis of
diaryl sulfides with stoichiometric potassium sulfide and
aryl halides in DMF at 120 C for 24 hours. A strong polar,
non-proton solvent for this aromatic nucleophilic substitution is essential. The highest yield of this procedure is up
to 96%. The electron-withdrawing groups on aryl halides
enhance the reactivity. While the steric hindrance and electron-donating groups decrease the reaction yields.

We thank the National Natural Science Foundation of
China (No. 21372034) and the cultivating program for excellent innovation team of Chengdu University of Technology (No. HY0084) for financial support. Dr. Zhou thanks
the grants from the Specialized Research Fund for the Doctoral Program of Higher Education (New Teachers) (No.
20135122120002).
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