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EVALUATION OF ENVIRONMENTAL FLOW
REQUIREMENT FOR IMPROVEMENT OF RIVER
ECOLOGICAL INTEGRITY IN THE HAIHE RIVER BASIN, CHINA
Tao Yang1, Jingling Liu1,* and Qiuying Chen2
1

State Key Joint Laboratory of Environmental Simulation and Pollution Control
& School of Environment, Beijing Normal University, 100875, Beijing, China
2
College of Chemistry and Life Science, Shenyang Normal University, China

ABSTRACT
Environmental flow requirement (EFR) should be assessed, and water resources should be allocated for degraded river ecosystems to improve the ecological integrity of
the river ecosystem in the Haihe River Basin, China. This
river basin is a semiarid area where water resources are
scarce. An EFR assessment model was developed based on
both the spatial structure and the dominant eco-function of
the river ecosystem at the basin scale. This model was
used to assess the temporal and spatial variabilities of the
EFR for the river ecosystem in the Haihe River Basin. The
results indicate an annual EFR of 4.771 billion m3 for the
river ecosystem; this value represents 18% of the average
annual flow (26.390 billion m3). The EFR for river reach,
wetland, and estuary are 2.267 billion, 1.532 billion, and
0.972 billion m 3, respectively. The EFR for different
restoration types of river reaches are as follows: the EFR
for the ecological water supply type of river reach is
1.140 billion m3, which is 4.320% of the average annual
flow (26.390 billion m3); the EFR for the water pollution
control type of river reach is 1.138 billion m3, which is
4.312% of the average annual flow (26.390 billion m3);
and the EFR for the vegetation evapotranspiration substitute water quantity cycle type of river reach is 0.154 billion m3, which is 0.584% of the average annual flow
(26.390 billion m3).
KEYWORDS:
Environmental flow requirements, Assessment model, Improvement of river ecological integrity, Haihe River Basin

1. INTRODUCTION
The importance of the management of sustainable water resources and the preservation of river ecosystem health
has been highlighted worldwide [1]. Water along rivers
should be reserved to preserve sustainable ecological proc* Corresponding author

esses, provide the needs of human beings, and maintain the
biodiversity of river ecosystems [2-6]. Environmental flow
is mainly used in water resources management [7-9] to
describe the quantity, quality, and timing of water flow required to maintain the integrity of a river ecosystem as well
as to support desired ecological conditions and ecosystem
services for sustaining human livelihoods and well-being
[10].
Environmental flow requirement (EFR) assessment
has been well developed since the mid-1970s. Four main
methods, namely, hydrological, hydraulic rating, habitat
simulation, and holistic methods, are used to assess environmental flow regimes [7]. Each method has its intrinsic
limitations, and the choice of method depends on the
availability of data, technical expertise, finances, time, and
so on. Love et al. (2006) [11] employed the building block
method to estimate the EFR for the Rusape River, Zimbabwe. Yang et al. (2009) [12] proposed a base flow index
and estimated the EFR for integrated water resources
allocation in the Yellow River Basin, China. Alcázar and
Palau (2010) [13] employed principal component analysis
and cluster analysis to establish the environmental flow
regimes of the Spanish Ebro River Basin. Shenton et al.
(2013) [14] employed the Bayesian network approach to
assess the environmental flows for the Yarra River restoration, Australia.
Nevertheless, these methodologies were mainly applied in river basins with relatively good ecological integrity levels and abundant water resources. The Haihe River
Basin, China is an area with scarce water resources and
degraded river ecosystems resulting from intensive human
development activities. Previous studies that focused on
this area mainly used the Tennant method [15-17] without
considering the dominant eco-function of the river ecosystem. Furthermore, the results of the EFR assessment were
too large to implement the method. The EFR for the river
ecosystem were determined based on river eco-functional
area and ecological restoration type [18]; the overlapping
of EFR for sub-ecosystems that have hydrological connection in the same river system was not considered, and the
results of the EFR assessment were larger than the actual
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values. Therefore, the ecological integrity of the river ecosystem was not improved effectively.
In the present study, the EFR for sub-ecosystems were
evaluated mainly based on the integrity of ecosystem processes and functions, as well as on the ecological degradation characteristics of different river reaches. Water resources allocation based on the evaluation results can improve the integrity of ecosystem processes and functions,
particularly the ecological integrity level of the river ecosystems in the Haihe River Basin.
2. MATERIALS AND METHODS
2.1 Study area

The Haihe River Basin (From E112°00´ to N35°00´–
43°00´) is one of the seven main basins of China with a
total area of 0.3182 million km2; it is a semiarid and semihumid area with a temperate continental monsoon climate
and an annual average rainfall of 480 mm as well as an
average annual evaporation of 470 mm in land and
1,100 mm in surface water [19]. This area has nine river
systems (Fig. 1), namely, the Luan Ji Yanhai, Beisan,
Yongding, mainstream of Haihe, Daqing, Ziya, Heilonggangyundong, Zhangwei, and Tuhaimajia river systems.
The Haihe River Basin has an average annual water
resource of 37 billion m3. Given the scarce surface water
in the area, underground water serves as the main water
source for living and industrial production (accounting for
65% of the available water resources). This area comprises many underground water depression cones resulting
from the excessive development of underground water
resources. Moreover, many plain river reaches have been
degraded into anthropogenic seasonal rivers because of
excessive water diversion by human beings for irrigation

and other water demands and because of the decrease in
annual precipitation due to climate change [20]. In 2010,
the Haihe River Basin had a water resources development
ratio of 108% and a waste water disposal ratio of less than
40% [21]. A large amount of non-disposed domestic sewage and industrial waste water is the main water source of
EFR for the river ecosystem. Thus, the natural structure
and function of the river ecosystem of the Haihe River
Basin is degraded, and its riverine ecosystem health condition is low.
Many large cities, such as Beijing and Tianjin, are
located in the Haihe River Basin area. Thus, a safe supply
of water resources and a healthy river ecosystem are important for the sustainable development of the area. These
requirements entail the immediate restoration of the degraded river ecosystem and the improvement of the ecological integrity of the river ecosystem in the Haihe River
Basin [16].
2.2 Methods (Model development)

The conceptual model of EFR for the river ecosystem
is constructed to identify key elements of the EFR for the
river ecosystem (Fig. 2). The EFR for the river ecosystem
based on its spatial structure are composed of three components: EFR for the river reach, EFR for the wetland,
and EFR for the estuary. The assurance coefficient of the
EFR was proposed.
(1) The assurance coefficient of the EFR

In the present study, the assurance coefficient of EFR
is used to analyze the temporal and spatial distribution
characteristics of the EFR. This assurance coefficient is
composed of three parameters, namely, the assurance
coefficient of base flow ( ξ ), the assurance coefficient of
the water eco-functional area ( α ), and the assurance
coefficient of the river ecological restoration type ( β ).

FIGURE 1 - Map of the river system in the Haihe River Basin
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FIGURE 2 - Conceptual model of the EFR for the river ecosystem

α is used to differentiate the objectives of water resources
utilization of different sub-ecosystems, and β is used to
differentiate the ecological restoration objectives of different river reaches.
The assurance coefficient of base flow ξ is a very important parameter for assessing the EFR for river ecosystems [22]; its value ranges from 0 to 1. This parameter is
determined based on the following: (1) the recommended
percentage of annual natural flow by using the Tennant
method; and (2) the calibration factor a i , which is determined by the ratio of annual natural flow and average
annual flow with three probabilities (P = 25%, P = 50%,
and P = 75%). The assurance coefficient of base flow ξ
can be determined as follows:

ξ = max(ai ) × 0.1 ,
ai =

Qki
,
Qn

(1)
(2)

where Qki is the annual natural flow of k subecosystem (k = 1, 2, 3; where 1 is representative of river

reach, 2 is representative of wetland, and 3 is representative of estuary) with i as probability (25%, 50%, and
75%), Qn is the average annual flow, and a i is the calibration factor with three probabilities (P = 25%, P = 50%,
and P = 75%). The value of ξ with three guarantee ratios
is shown in Table 1; each guarantee ratio corresponds to a
certain ecological integrity level (poor, moderate, and
good) of sub-ecosystems. According to the Tennant method
[23], different ratio of average annual flow are corresponding to different ecological integrity levels, considering the
water resources situation and river ecological situation of
the Haihe River Basin, the ratio recommended by the
Tennant method were adjusted in the range of 0.10-0.70
to guarantee the EFR for river ecosystem in dry period
and improve water resources usage efficiency. In addition,
the three probabilities (P=75%, P=50%, and P=25%) are
corresponding to dry years, normal years and wet years,
respectively in the hydrological cycle. The assurance
coefficient of base flow ξ of estuary was set to 0.15 in
flood season (June-Sept.) and it was set to 0.10 in nonflood season (Oct.-May), as well as the assurance coefficient of base flow ξ of wetland and river were added by
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TABLE 1 - The value of
The value of

ξ

ξ

with three probabilities

with three probabilities

Flood season (June to Sept.)
Sub-ecosystem
River
Wetland
Estuary

Non-flood season (Oct. to May)

Poor
(P = 75%)

Moderate
(P = 50%)

Good
(P = 25%)

Poor
(P = 75%)

Moderate
(P = 50%)

Good
(P = 25%)

0.25
0.20
0.15

0.50
0.45
0.40

0.70
0.65
0.60

0.20
0.15
0.10

0.30
0.25
0.20

0.45
0.40
0.35

0.05 respectively. Therefore, the EFR evaluated based on
the calculation model which including assurance coefficient of base flow ξ of sub-ecosystems are corresponding
to three ecological integrity levels (Poor, Moderate,
Good). The EFR evaluation results of present study were
within the scope of low EFR allocation plan for river
ecological integrity restoration [16, 24].
The Haihe River Basin is divided into four water ecofunctional areas according to the results of national water
resources planning and regionalization [25-27]: the protected area (PA), the reserved area (RA), the buffer area
(BA), and the development and utilization area (DUA).
The 21 river reaches can be grouped into three types
based on their degraded characteristics: ecological water
supply type (EWS), vegetation evapotranspiration substitute water quantity cycle (VESWQC), and water pollution
control type (WPC) [26, 28]. The EWS type is characterized by environmental flows that cannot be satisfied. The
VESWQC type is characterized by a river channel dry-up
time of more than 300 days and a river bed that suffers
from serious desertification. The WPC type is characterized by a river channel dry-up time of less than 60
days/year and a water quality that does not satisfy the
agricultural irrigation standard (i.e., chemical oxygen
demand [CODMn] is larger than 150 mg/L) or the living
standard for freshwater fish (i.e., dissolved oxygen [DO]
is lower than 0.4 mg/L).
TABLE 2 - The α values
α
α
Water eco(Oct. to
(Apr. to
functional area
Mar.)
Sept.)
PA
1
PA
1
RA
0.67–0.80
RA
0.67–0.83
BA
0.67–0.80
BA
0.67–0.83
DUA
0.20–0.60
DUA
0.33–0.67
PA: protected area, RA: reserved area, BA: the buffer area,DUA: development and utilization area
Water
eco-functional area

TABLE 3 - The β values
River ecological restoration type
EWS
WPC
VESWQC

ß
0.16–0.24
0.48–0.60
0.096–0.220

tive objectives of sub-ecosystems [18]. The α and ß values are shown in Tables 2 and 3, respectively.
(2) EFR for river channel

The EFR for river channel can be determined as follows:
N

QL = ∑ ξ1 × α i ×
i =1

li
× β × λ × Qn ,
L

(3)

where Q L is the EFR for river channel, ξ1 is the assurance coefficient of base flow for river channel, α i is

i water eco-functional area,
l i is the length of reach located in the i water eco-

the assurance coefficient of

functional area (km), L is the total length of the river
reach (km), β is the assurance coefficient of river ecological restoration type, λ is the integrated calculation
coefficient that has a hydrological connection with the
wetland in the same river system (Table 7), and Qn is the
average monthly flow (108 m3/month).
(3) EFR for wetland

The EFR for wetland are composed of three components, namely, EFR for wetland vegetation, EFR for wetland soil, and EFR for the preservation of suitable habitats
for wild animals [29]. The EFR for wetland are the sum of
the three components above. In addition, the compatibility
rule (or termed the “maximum” principle) [12] is used to
assess EFR for wetland, which can be determined as follows:

{

[

(

)

]}(4)

Ww = W p + Wb + ξ 2 ×α Qs + Max Wq , Qe + Wn + W y / T
where W p is the EFR of evapotranspiration for wetland vegetation (108 m3), Wb is the water volume of
groundwater that supplements the wetland (108 m3), ξ 2 is
the assurance coefficient of base flow for wetland, α is
the assurance coefficient of water eco-functional area, Qs
is the EFR for wetland soil (108 m3), Wq is the EFR for

The corresponding values of α and ß are determined
based on the eco-environmental characteristics and restora-

the preservation of suitable habitats for wild animals
(108 m3), Qe is the EFR for the preservation of suitable
wetland landscape and entertainment for human beings
(108 m3), Wn is the EFR for the protection of the coast
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from erosion (108 m3), W y is the EFR for salt dissolution
and salt washing (108 m3), and Wn and W y are certain
parameters that determine the EFR for costal wetland; Wn
and W y are zero for inland wetland. In addition, T is the
coefficient of water exchange for wetland (day) [29].
(4) EFR for estuary

The EFR for estuary are composed of three components, namely, EFR for estuarine water circulation (108 m3),
EFR for estuarine animal metabolism (108 m3), and EFR
for the preservation of suitable habitats for estuarine ani-

mals (108 m3). The EFR for estuary are the sum of the
three components above and can be determined as follows:

F = Fa + ξ 3 × α × Max( Fb + Fc )

(5)

where ξ 3 is the assurance coefficient of base flow for
estuary, α is the assurance coefficient of water ecofunctional area, Fa is the EFR for estuarine water circulation (108 m3), Fb is the EFR for the maintenance of the
natural metabolism for estuarine animals (108 m3), and
Fc is the EFR for the preservation of suitable habitats for
estuarine animals [30].

TABLE 4 - Ecological restoration type and the length of the reach located in the water eco-functional area

Reach

HTR

Length of the
river (km)

LR
DR
JC
CBR
NC
YDR
MSHR
BGR
SJR
TR
ZLR
HBZR-ST
ST-XX
FYR
ZYR
SC
ZR
WR
WC
ZWXR
THR
MJR

158
120
189
80
129
166
72
54
70
140
96
59.2
130.8
329
162
150
114
272
157
165
418
426

Length of reach located in the
water eco-functional area (km)
PA, 158
DUA,120
BA, 76.4; DUA, 112.6
PA, 24; BA, 27; DUA, 29
BA, 45.7; DUA, 83.3
BA, 144; DUA, 22
BA, 38.5; PA, 33.5
PA, 54
PA, 70
BA, 47; DUA, 93
RA, 96
DUA, 190
DUA, 329
PA, 17; BA, 93.5; DUA, 51.5
PA, 150
DUA, 114
RA, 39.4; DUA, 232.6
BA, 157
BA, 165
BA, 159.8; DUA, 158.2
PA, 285; BA, 27; DUA, 114.2

Main
ecological
function
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
FD
AI
FD
FD
FD
FD
FD
FD

Eco-environmental
problems
EFS, EE, RHD
EFS, EE, WP
DU
DU
WP
DU and RD
WP
DU and RD
DU and RD
DU and RD
DU and RD
DU and RD
DU and WP
EFS and WP
EFS and WP
EFS and WP
DU and RD
WP
WP
WP
WP
EFS and WP

Ecological
restoration
type
EWS
EWS
EWS
EWS
EWS
VESWQC
EWS
VESWQC
VESWQC
VESWQC
VESWQC
VESWQC
EWS
EWS
EWS
EWS
VESWQC
WPC
WPC
WPC
WPC
WPC

Note: LR: Luan River; DR: Dou River; JC: Ji Canal; CBR: Chaobai River; NC: North Canal; YDR: Yongding River; MSHR: Mainstream of the Haihe River; BGR:
Baigou River; SJR: South Juma River; TR: Tang River; ZLR: Zhulong River; HTR: Hutuo River (HBZR-ST: Huangbizhuang Reservoir; ST-XX: Shaotong village Xianxian); FYR: Fuyang River; ZYR: Ziya River; SC: South Canal; ZR: Zhang River; WR: Wei River; WC: Wei Canal; ZWXR: Zhangweixin River; THR: Tuhai River;
MJR: Majia River EFS: Environmental flow is not satisfying; EE: Estuary erosion; RHD: River habitat disturbance; WP: Water pollution; DU: Dry-up; RD: Riverbed
desertification, FD: Flood discharge; AI: Agricultural irrigation

TABLE 5 - The distribution of 12 wetlands in the water ecofunctional area
Wetland

Coverage (km2)

Water eco-functional area

QLH
HZW
DHPW
QDW
NDG
BDG
TPW
BYD
DLD
HSL
NJW
EXW

60
339
110
65
98
150
60
160
50
40
150
100

DUA
DUA
DUA
DUA
DUA
DUA
DUA
PA
DUA
DUA
DUA
DUA

TABLE 6 - The distribution of three estuaries in the water ecofunctional area
Average annual water volume
Water ecoflow into the Bohai Sea
functional
8
3
(10 m )
area
EHR
2.84
DUA
ELR
19.90
PA
EZWXR
1.70
PA
Note: EHR: Estuary of Haihe River; ELR: Estuary of Luan River;
EZWXR: Estuary of Zhangweixin River
Estuary

2.3 Integrated calculation of EFR for river ecosystem at the
basin scale

Note: QLH: Qili hai; HZW: Huangzhuang wa; DHPW: Dahuangpu wa; QDW:
Qingdian wa; NDG: Nanda gang; BDG: Beida gang; TPW: Tuanpo wa; BYD:
Baiyang dian; DLD: Dalang dian; HSL: Hengshui Lake; NJW: Ningjing wa;
EXW: Enxian wa

The procedure for the integrated calculation of EFR
for river ecosystem is described as follows. (1) The EFR
for the river channel, wetland, and estuary are calculated.
(2) The EFR for different river reaches of the same river
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system are integrated calculated. (3) The EFR for river
reach, wetland, and estuary in the same river system are
integrated calculated. (4) The annual EFR for different
river systems are integrated calculated at the basin scale
[16, 22]. The EFR for the river system are the summation
of the EFR for the sub-ecosystems. To avoid the repeated
calculation of the EFR for the same river system, the
overlapping non-consumptive water consumption among
upstream reach, midstream reach, and downstream reach;
and the overlapping non-consumptive water consumption
among river reaches with hydrological connections are
deducted. In addition, the integrated river network calculation model based on the controlling gauging station is
used to avoid the overlapping calculation of the EFR for
sub-ecosystems in the same river system (Fig. 3).
The coefficient of the integrated calculation λ was
calculated using the following formula:
the coefficient of the integrated calculation
(6)

(λ ) = 1 -

is the coefficient of the integrated calculation and is determined based on the relative magnitudes of confluence
and backwater of the tributary and mainstream of the
same river system. The EFR for the river system can be
determined by summing up the EFR for the tributaries
and mainstream and then multiplying the coefficient of
the integrated calculation. The coefficients of the integrated calculation for the Chaobai River and North Canal of
the Beisan River System, the Baigou River and Nanjuma
River of the Daqing River System, the Hutuo River and
Fuyang River of the Ziya River System, and the Zhang

C1

Qn1 + Qn 2
Qn 3

where C1 is the controlling gauging station in the tributary T1, Qn1 is the average monthly flow of the tributary
T1 (108 m3/month), C2 is the controlling gauging station in
the tributary T2, Qn2 is the average monthly flow of the
tributary T2 (108 m3/month), C3 is the controlling gauging
station in the mainstream M1, and Qn3 is the average
monthly flow of the mainstream M1 (108 m3/month). λ

T2

T1

C2

C3

M1

FIGURE 3 - Integrated calculation model for EFR for river reaches
in the same river system

TABLE 7 - Coefficient of the integrated calculation for the nine river systems

YDRS

LR
DR
JC
CBR
NC
YDR

Coefficient of the
integrated calculation for EFR
1.00
1.00
1.00
0.55
0.55
1.00

MSHRS

MSHR

1.00

BGR
SJR
TR
ZLR
HBZR-ST
ST-XX
FYR
ZYR
SC
ZR
WR
WC
ZWXR
THR
MJR

0.79
0.79
1.00
1.00

River system

River reach

LRCRS
BSRS

DQRS

HTR
ZYRS
HLGYDRS
ZWRS
THMJRS

Wetland
QLH
HZW
DHPW
QDW
NDG
BDG
TPW
BYD

Estuary
ELR
-

EHR

-

0.45
0.45
1.00
1.00
0.52
0.52
1.00
1.00
1.00
1.00

NJW
DLD
EXW

EZWXR
-

Note: LRCRS: Luan ji yanhai River System; BSRS: Beisan River System; YDRS: Yongding River System; MSHRS: Mainstream of Haihe River System; DQRS: Daqing
River System; ZYRS: Ziya River System; HLGYDRS: Heilonggangyongdong River System; ZWRS: Zhangweixin River System; THMJRS: Tuhaimajia River System
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River and Wei River of the Zhangwei River System are
calculated based on Eqs. (6) as 0.55, 0.79, 0.45, and 0.52,
respectively, as well as coefficient of the integrated calculation for the nine river systems were shown in Table 7.
3. RESULTS AND DISCUSSION
3.1 Temporal variability of the EFR for river ecosystem

To analyze the temporal variations in the EFR and the
water allocation for river ecological restoration, the ecological restoration types of 21 river reaches (Table 4) [28]
and the water eco-functional area [26, 31] of the Haihe
River Basin (Tables 4, 5, and 6) as well as the monthly
EFR for the 21 river reaches, 12 wetlands, and 3 estuaries
were calculated based on the natural hydrological series
data from 1956 to 1984. The results are shown in Fig. 4.
As shown in Fig. 4, the monthly EFR for river reaches are maximal in August at 0.549 billion m3 and minimal
in February at 0.119 billion m3; the monthly EFR for
wetland are maximal in June, July, and August at 0.940
billion m3 and minimal in December, January, and February at 0.427 billion m3; and the monthly EFR for estuary
are maximal in August at 0.205 billion m3 and minimal in
February at 0.0004 billion m3. Moreover, the EFR for the
river ecosystem in the wet period (June to October), normal period (December to March), and dry period (April,
May, and November) of the Haihe River Basin are 2.999
billion, 0.951 billion, and 0.821 billion m3, respectively.
The annual EFR for the river ecosystem of the Haihe
River Basin is 4.771 billion m3, which accounts for 18%
of the average annual flow (26.39 billion m3).

Environmental flow requirements (108m3)

The Haihe River Basin is located in the semiarid region of North China, where the precipitation is seasonal,
and the annual precipitation is unbalanced [16]. In 2009,
the available water resource of the Haihe River Basin was
scarce, the annual water resource was 28.516 billion m3,
the surface water resource was 11.560 billion m3, and the
underground water resource was 23.622 billion m3 [32].
Thus, limited water resources should be allocated to ensure the EFR in the dry period.

FIGURE 4 - Temporal variability of EFR for the Haihe River Basin
3.2 Spatial variability of the EFR for river ecosystem

The annual EFR for the river ecosystem of the Haihe
River Basin is 4.771 billion m3, of which accounts for
18.08% of the average annual flow (26.390 billion m3).
The compatibility rule was used to calculate the EFR for
wetland. The annual EFR for wetland is 1.532 billion m3;
as well as EFR for river reach is 2.267 billion m3 m3, and
that for estuary is 0.972 billion m3. Yang et al. (2005) [16]
assessed the EFR for river ecosystem based on the hydrological method and proposed an EFR of 6.932 billion m3
for the river ecosystem of the Haihe River Basin. Liu et
al. (2006) [17] assessed the EFR for river ecosystem
based on the holistic method and proposed an EFR of
5.816 billion m3 for the river ecosystem of the Haihe
River Basin. Xia et al. (2006) [33] assessed the EFR for
river ecosystem based on the analysis of EFR for subecosystems and different ecological processes and proposed EFR ranging from 3.470 billion m3 to 14.560 billion m3 for the river ecosystem of the Haihe River Basin.
The results of the EFR assessment in the present study are
within the range of those found in previous studies and
validate the river ecological restoration and basin management.
With regard to the EFR for river reaches of different restoration types (Fig. 5), the EFR for the EWS type of river
reaches in the flood and non-flood seasons are 0.692 billion
and 0.448 billion m3, respectively. Moreover, the annual
EFR for the EWS type of river reaches is 1.140 billion m3, which accounts for 4.320% of the average annual
flow (26.390 billion m3). The EFR for the WPC type of
river reaches in the flood and non-flood seasons are 0.765
billion and 0.373 billion m3, respectively. The annual EFR
for the WPC type of river reaches is 1.138 billion m3,
which accounts for 4.312% of the average annual flow
(26.390 billion m3). The EFR for the VESWQC type of
river reaches in the flood and non-flood seasons are 0.097
billion and 0.057 billion m3, respectively. The annual EFR
for the VESWQC type of river reaches is 0.154 billion m3,
which accounts for 0.584% of the average annual flow
(26.390 billion m3).
Environmental flow requirements (108m3)

© by PSP Volume 23 – No 5. 2014

FIGURE 5 - EFR for the river reaches of different restoration types.
Note: EWS: Ecological Water Supply Type, WPC: Water Pollution
Control type, VESWQC: Vegetation Evapotranspiration Substitute
Water Quantity Cycle
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Environmental flow requirements (108m3)

With regard to the EFR for the nine river systems
(Fig. 6), the EFR for the mainstream of the Haihe River
System, Zhangweixinhe River System, Luan River and
Coastal River Systems of Eastern Hebei Province, Ziya
River System, Heilonggangyongdong River System,
Tuhaimajia River System, Daqing River System, Beisan
River System, and Yongding River System are 1.270 billion, 1.248 billion, 0.728 billion, 0.426 billion, 0.359
billion, 0.289 billion, 0.180 billion, 0.136 billion, and
0.135 billion m3, respectively.

FIGURE 6 - EFR for the nine river systems. Note: LRS: Luan River
and Coastal River Systems of Eastern Hebei Province; BRS: Beisan
River System; YRS: Yongding River System; MRS: Mainstream of
Haihe River System; DRS: Daqing River System; ZRS: Ziya River
System; HRS: Heilonggangyongdong River System; ZWRS:
Zhangweixinhe River System; TRS: Tuhaimajia River System
3.3 Analysis of uncertainty

The structure and functions of natural ecosystems are
impossible to identify because of the lack of related reference. Moreover, the results of the EFR assessment should
be validated by the restorative effect of the river ecosystem. However, posteriority exists between biotic community response and the alteration of the hydrological regime
[34], that is, more than 10 years are necessary [35] for the
river ecosystem to respond to the environmental flow
allocation. Therefore, persistent monitoring and research
should be conducted, and the results of environmental flow
assessment should be adjusted in time in the course of
environmental flow allocation for river ecosystem restoration. Thus, the adaptive management of environmental flows
is necessary to reduce the uncertainties in the scientific
understanding of the linkages between specific flow conditions and ecological responses [36].
The distribution of water resources is spatially and
seasonally unbalanced. The large uncertainties in the changes
in precipitation make definitive statements on how river flow
will respond to climate change difficult to conclude. Thus,
uncertainties in regional climate change and in river basin
management hinder the quantitative assessment of the
spatio-temporal distribution of regional water resources
[37]. Moreover, the interval between the flood and nonflood periods generally covers 35 years [38]. Thus, the
inter-annual variation of EFR in wet years (P = 50%),
normal years (P = 75%), and dry years (P = 95%) should

be analyzed based on hydrological series data spanning at
least 35 years to cover large uncertainties in the hydrological cycle. Therefore, the EFR assessment has uncertainty;
that is, wide-ranging hydrological series data provide
superior calculation results under natural conditions.

4. CONCLUSIONS
The assessment of EFR for the river ecosystem and
the allocation of water resources are very important in
restoring degraded river ecosystems and improving their
health conditions. The Haihe River Basin, which is a
developed area in China, suffers from two main ecoenvironmental problems, namely, the scarcity of water
resources and the degradation of the river ecosystem. EFR
assessment should be based on water eco-functional regionalization and river ecological restoration type synthetically. The annual EFR for the Haihe River Basin is
4.771 billion m3; the annual EFR for river, wetland, and
estuary are 2.267 billion, 1.532 billion, and 0.972 billion m3,
respectively.
The EFR in the wet period (June to October), normal
period (December to March), and dry period (April, May,
and November) of the Haihe River Basin are 2.999 billion,
0.951 billion, and 0.821 billion m3, respectively. Given the
scarce water resources of the Haihe River Basin, limited
water resources should be allocated to ensure the EFR for
the preservation of key ecosystem processes in the dry
period. With regard to the different restoration types of
river reaches, the EFR for the WPC type of river reach,
the EWS type of river reach, and the VESWQC type of
river reach decrease to 0.992 billion, 1.176 billion, and
0.099 billion m3, respectively.
Wide-ranging hydrological series data should be
used to calculate the EFR for the river ecosystem. The
non-consumptive water use of river reach and estuary and
the compatibility of the non-consumptive water use among
the three sub-ecosystems should be considered in the
calculation of EFR for the river ecosystem at the basin
scale. The inter-annual variation of EFR for the river
ecosystem and the water allocation that can satisfy the
EFR for the river ecosystem based on different water
diversion plans should be researched further.
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ABSTRACT
In the large shallow Taihu Lake (Yangtze River Delta),
wind-induced waves are one of the important hydrodynamic factors affecting sediment nutrient release and
transport. We have developed a depth-averaged twodimensional numerical model that couples lake current,
wave, sediment release, and nutrient transport. The modified SMB method is employed to calculate wave parameters required for wave-produced benthic shear stress and
wave radiation stress, which are introduced to simulate
the wave-current interactions affecting the hydrodynamic
situation and total phosphorus (TP) distribution in the
lake. The model was discretized using the finite volume
method with the Osher scheme on unstructured grids to fit
for the irregular natural land boundaries of the lake. The
model was verified from observed field data on Taihu
Lake. Good agreement between observation and computation was demonstrated, with average relative computational deviations of 17.6% and 25.6% for velocity and TP
concentration, respectively. We also compared computed
results between two models: one that took wave actions
(under various strong wind conditions) into account, and a
model that did not include such considerations. Results
clearly indicated that wind-induced waves exert significant influences on the circumfluence pattern and TP distribution in Taihu Lake, particularly in the upwind water
area.
KEYWORDS:
wave-current interactions, sediment nutrient release, unstructured
grids, numerical simulation, total phosphorus, Taihu Lake

1. INTRODUCTION
Taihu Lake is the third largest freshwater lake in China,
situated between 30°55′40″− 31°32′55″N latitude and
* Corresponding author

119°52′32″− 120°36′10″E longitude. This lake is a large
shallow lake complex covering an area of 2338 km2 (length
68.5 km, north-south orientation; width 34 km, east-west
orientation; mean water depth 1.89 m). Located in the
central part of the Yangtze River Delta (Fig. 1), the country's most populous and prosperous region, Taihu Lake
serves as an important source of freshwater for large cities, such as Suzhou and Wuxi. With the rapid growth of
industrial and agricultural activities in this region, the lake
has become polluted because large quantities of contaminants have been released since the 1990s. The problems
of water quality deterioration and eutrophication in Taihu
Lake have been brought to the attention by China’s national and local government.

FIGURE 1 - Sketch map of Yangtze River Delta showing the location of Taihu Lake.

Many attempts have been made to reverse eutrophication in Taihu Lake, and the external loading into the lake
has been greatly reduced in recent years. But water quality improvement of the lake has not been achieved, as was
expected. There is evidence to suggest that the lack of
recovery is a result of the release of nutrients from deposited sediment (Rossi and Premazzi [1], van der Molen and
Boers [2], Istvánovics [3], Welcha and Cookeb [4], and
Søndergaard et al. [5]).
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In shallow lakes, release of nutrients from sediment is
significantly affected by the wind-induced hydrodynamics
(Søndergaard et al. [6, 7], Robart et al. [8], Zhu et al. [9])
and wind-induced sediment re-suspension which is closely
related to benthic shear stress (Lick, [10], Qin et al. [11],
Sun et al. [12], Thomas and Schallenberg [13]). Based on
observational data, Luo et al. [14] proposed that waveproduced benthic shear stress is probably the dominant
factor influencing re-suspension during wind disturbance,
a conclusion that concurs with results of studies carried
out by Glenn and Grant [15]. Further details on the influence of critical shear stresses, associated with various
parameters relating to wave and current, on sediment resuspension in Taihu Lake were provided by Qin [16].
Interactions between wind-induced waves and currents contribute to variations in hydrodynamic conditions
(Bakker and Van Doorn [17], Kemp and Simons [18, 19],
Qiao et al. [20]; Luo et al. [21]). These are the dominant
factors affecting sediment re-suspension, mixing and
transport processes in natural water-bodies. Bottom friction is an important parameter affecting the distribution of
flow fields, particularly in shallow lakes (Kang et al. [22],
Griffin and Middleton [23], Luo and Monbaliu [24], PadillaHermandez and Monbaliu [25]). Wave-induced excess momentum fluxes (namely, wave radiation stress: LonguetHiggins and Stewart [26]) need to be considered when
considering the effects of wave-current interactions on the
lake flow velocity profile. When the waves are propagated
with the current, the wave radiation stress accelerates the
water velocity, and otherwise, the opposite effect would be
produced (Zhang et al. [27]). In the case of Taihu Lake,
waves and current should, therefore, be considered together
in one mathematical model for simulating flow and water
quality in this large shallow water-body.
Many models on the flow and water quality of Taihu
Lake have been developed since the 1980s. For instance,
Wang [28] established a hydrodynamic model to simulate
the flow field of Taihu Lake under steady wind conditions. Zhu and Cai [29, 30] developed a wind-driven current and pollutant diffusion model to study the distribution of nutrient salts under the action of currents in
Meiliang Bay of Taihu Lake. A vertical compressed model was also established by Hu et al. [31], to predict the
changes in water quality, nutrient cycling and plankton
development in Taihu Lake. Pang et al. [32] provided a
numerical model that coupled lake current, waves, and
suspended solids concentration to simulate the distribution and variation of suspended solids concentration and
transparency of Taihu Lake. Mao et al. [33], who assessed
the effects of sediment release and the external loads from
the tributaries, developed an eutrophication model coupling
hydrodynamic and biological processes to investigate the
lake eutrophication dynamics. Hu et al. [34] took sediment
pollution in Taihu Lake into account when establishing a
numerical model of wind-induced current. Generally, these
models only focused on particular impacts of currents on
water quality of the lake. Only a few of these models took

the interactions of waves and currents into account when
calculating suspended solids concentrations (Pang et al.
[32]). Especially, the effects of wave radiation stress on
lake flow fields were not taken into account.
In shallow lakes, the impacts of waves on the water environment are not confined to changes in the benthic shear
stress which affect the release of nutrients from the sediment: waves also induce wave radiation stress. This acts
together with the bottom friction, resulting in variability in
the lake hydrodynamic situation, which has a major impact on nutrient transport and the fate of nutrients. In this
paper, a new depth-averaged two-dimensional mathematical model — that couples flow, sediment and nutrients in
shallow water — is established, based on unstructured grids
using the finite volume method with the OSHER scheme.
In this model, the modified Sverdrup-Munk-Bretschneider
(SMB) method is employed to calculate the wave parameters
associated with wave-produced benthic shear stress and
wave radiation stress. These stresses are introduced into
the total force terms of the momentum equations, to substantially consider the compound actions of waves and
current on nutrient release and transport. Several test cases
are demonstrated so as to assess the accuracy of simulation.
Thereafter, the model is applied to simulate the influences
of wind-induced waves on the hydrodynamic situation
and nutrient distribution in Taihu Lake.
2. MATERIALS AND METHODS
2.1 Numerical model
2.1.1 Governing Equations

(1) Wave actions
The SMB method for shallow-water waves (Sheng
and Lick [35]) is applied to calculate the wave parameters, which is modified according to the wave characteristics in Taihu Lake, as outlined below (Luo et al. [21]).

gH S
gh
= 0.283 tanh[0.530( 2 ) 0.75 ] •
2
Wa
Wa
gx0 0.42
)
Wa2
tanh
gh
tanh[0.530( 2 )0.75 ]
Wa
0.0125(

(1)

gTS
gh
= 1.20 tanh[0.833( 2 )0.375 ] •
2π Wa
Wa
gx0 0.25
)
Wa2
tanh
gh
tanh[0.833( 2 )0.375 ]
Wa
0.077(

(2)

where, Hs is the significant wave height; Ts is the significant wave period; x0 is the wind fetch; Wa is the wind
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speed at 10 m above water surface; h is the water depth; g
is the gravity acceleration; π is the circular constant.

τ wave = 0.5ρf wU w2

(2) Shallow water equations
a. The continuity equation

∂h ∂(hu ) ∂(hv )
+
+
=0
∂t
∂x
∂y

(3)

b. The momentum equations, considering wave actions
2
2
∂ ( hu ) ∂ ( hu + gh / 2 ) ∂ ( huv )
+
+
=
∂t
∂x
∂y
∂S
τ s −τ b
1 ∂S
ghI 0 x − ( xx + xy ) + x x
ρ ∂x
∂y
ρ
2
2
∂ ( hv ) ∂ ( huv ) ∂ ( hv + gh / 2 )
+
+
=
∂t
∂x
∂y

(4)

S yx S yy

2
E 2nʹ′(cos β + 1) − 1 nʹ′ sin(2β )
2 nʹ′ sin(2β ) 2nʹ′(sin 2 β + 1) − 1

(6)

where, E is the wave energy, E = ρgHs2/8; n′ =
0.5[1+4πh/L/sinh(4πh/L)]; β is the angle of wave propagation direction; L is the length of wave, calculated by the
iterative method (Luo et al. [21]), as follows:

L=(

gTs2
2πh
) tanh(
)
2π
L

τ xs = ρ a CDWa2 cos α

(8)

τ ys = ρaCDWa2 sin α

(9)

where, α is the angle between the wind velocity vector and the x direction; ρa is the air density; CD is the drag
coefficient for the air/water interface, taken as 0.0028.
τxb and τyb represent benthic shear stress in the x and y
directions, respectively, given by
2

2

∂ (hS ) ∂ (huS ) ∂ (hvS )
+
+
=
∂t
∂x
∂y
∂
∂ (hS )
∂
∂ (hS )
[ε x
] + [ε y
]+ P − D
∂x
∂x
∂y
∂y

4

2

τ = ( ρn u u + v ) / h + τ wave
4

3

τ yb = ( ρn 2 v u 2 + v 2 ) / h 3 + τ wave

(10)
(11)

(14)

where, S is the suspended solids concentration; εx and
εy are the diffusion coefficients of suspended solids in the
x and y directions; P is the erosion flux, given by the
experimental formula as P=0.00217· exp(12.996· τb)
(Wang et al. [38]). Herein, τb is the net bottom shear
stress; D is the deposition flux, D=1.25ωS; ω is the settling velocity of the suspended solids, written as follows:
ω=g(ρs-ρ)·d2/(24·ρν)
(15)
where, d is the diameter of particles; ρs is the density
of particles; ν is the kinematic viscosity coefficient (Chen
et al. [39]).
(4) The nutrient transport equation

∂ (hCi ) ∂ (huCi ) ∂ (hvCi )
+
+
=
∂t
∂x
∂y
∂ (hCi )
∂ (hCi )
∂
∂
[ Dix
] + [ Diy
]−
∂x
∂x
∂y
∂y
K ci hCi + ki ( P − D) + R i + Si

(7)

in which the initial value of L would be set as any
value in the range from 1.0 to 5.0 m.
τxs and τys represent surface shear stress in the x and y
directions, respectively, given by

b
x

where, Uw is the amplitude of the wave orbital velocity, given by the small-amplitude wave theory as
Uw=Hsπ/Ts·sinh(2πh/L); fw is the wave friction factor,
calculated as follows (Lou and Ridd [37]):
fw= 0.0025·exp[5.21(AL/ks)-0.19], AL/ks>1.57;
fw= 0.3, AL/ks≤1.57
(13)
where, ks is the bottom physical roughness; AL is the
near bottom excursion amplitude, AL=Uw·(2π/Ts)-1.

(5)

where, u is the depth-averaged velocity in the x direction (west-east direction); v is the depth-averaged velocity
in the y direction (south-north direction); ρ is the water
density; I0x and I0y are the bed slope in the x and y directions, respectively; Sxx, Sxy, Syx, Syy are the wave radiation
stresses, given by the following equations:

=

(12)

(3) The suspended solids equation

∂S
τ s −τ b
1 ∂S
ghI 0 y − ( yx + yy ) + y y
ρ ∂x
∂y
ρ

S xx S xy

induced waves, which can be calculated as follows (Mian
and Yanful [36] ):

(16)

where, Ci is the depth-averaged concentration of the
ith nutrient in water; Dix and Diy are the diffusivity coefficients of the ith nutrient in the x and y directions, respectively; Kci is the degradation coefficient; ki is the adsorption coefficient; Ri is the diffusion term of dissolved ith
nutrient from sediment interstitial water, calculated as
Ri=-Γi · (∂Ci / ∂z)sed. Herein, (∂Ci / ∂z)sed is the normal concentration gradient at the interface between overlying
water and sediment, and Γi is the diffusion coefficient; Si
is the source term.
2.2 Numerical Method

The governing equations coupling current, wave, suspended solids, and nutrients can be rewritten in general
form as follows:

where, n is the Manning coefficient; τwave is the shear
stress exerted on the bottom sediments due to wind-
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∂q ∂f (q ) ∂g (q )
+
+
= b(q )
∂t
∂x
∂y

(17)
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where, q is the conserved physical vector, q=[h, hu,
hv, hS, hCi]T; f(q) is the flux term in the x direction,
f(q)=[hu, hu2+gh2/2+Sxx/ρ, huv+Syx/ρ, huS, huCi]T; g(q) is
the flux term in the y direction, g(q)=[hv, huv+Sxy/ρ,
hv2+gh2/2+Syy/ρ, hvS, hvCi]T; b(q) is the source/sink term,
given as follows:
s

b(q ) = [0, ghI 0 x +

b

τ −τ
τ xs − τ xb
, ghI 0 y + y y ,
ρ
ρ

∂
∂ (hS )
∂
∂ (hS )
[ε x
] + [ε y
] + P − D, (18)
∂x
∂x
∂y
∂y
∂ (hCi )
∂ ( hCi )
∂
∂
[ Dix
] + [ Diy
]−
∂x
∂x
∂y
∂y
K ci hCi + ki ( P − D ) + Ri + Si ]T
Equation (17) is discretized on unstructured grids using
the finite volume method, with the Osher scheme (Zhao et
al. [40, 41]), the final discretization being described as
follows:

A

m
Δq
= −∑ T (Φ j ) −1 f (q∗ ) Lj + b* (q)
Δt
j =1

b* (q) = [0, A( ghI 0 x +
A( ghI 0 y +

the irregular land boundaries, with 6729 elements and
7078 nodes (Fig. 2).
3.2 Hydrodynamic Simulation

(1) Model verification
The observed field data (surveyed in August 1995) on
flow direction and velocity at 22 sampling sites (Fig. 3) is
employed to check the model. The measured wind data,
measured synchronously at these sites (see Table 1), are
used as the wind-driven condition for simulation. The initial water level and velocity of each unit in the computational domain is set as 2.0 m and 0 m/s, respectively.
A comparison of velocity values between observation
and simulation, with and without consideration of wave
actions, is displayed in Fig. 4. As Fig. 4 illustrates, the calculated depth-averaged mean currents with wave actions

(19)

τ xs − τ xb
),
ρ

τ ys − τ yb
),
ρ

m

∑ ε ∇(hS )

n

Lj + A( P − D),

(20)

j =1
m

∑ D ∇(hC )
i

i n

Lj + A[ki ( P − D) +

j =1

Ri + Si − K ci hCi ]T
where, A is the area of control cell; m is the total
number of cell edges; Lj is the length of the jth cell edge;
∇(•)n is the outward normal gradient operator; q*=
T(Φj)·q; T(Φj) is the rotation transformation matrix, calculated as follows:

( )

TΦ

j

0
⎡1
⎢0 cosΦ j
= ⎢
⎢0 − sin Φ j
⎢
0
⎣0

0
sin Φ
cosΦ
0

j
j

0⎤
0⎥⎥
0⎥
⎥
1⎦

FIGURE 2 - Unstructured grids in Taihu Lake

(21)

in which Φj is the angle between the outward normal
vector of the jth cell edge and the x axis (measured counterclockwise from the x axis)
3. RESULTS AND DISCUSSION
3.1 Mesh Generation

The computation domain of Taihu Lake is meshed by
unstructured arbitrary quadrilateral grids to account for
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TABLE 1 - The observed wind data at 10 m above water surface at sampling sites in August 1995.
Sites
Wind speed(m/s)
Wind direction
Sites
Wind speed(m/s)
Wind direction

1
4.6
S
12
2.8
SE

2
4.5
SSE
13
7.2
S

3
5.2
S
14
7.4
S

4
5.4
SE
15
6.4
S

5
5.4
SE
16
0.3
NW

are sharply different from those without wave actions, and
the former is typically in better overall agreement with the
observed field data than the latter. The average relative
deviation (with wave actions) from the observation is
17.6%, less than half of that estimated without wave actions (calculated as 44.4%).
The observed and calculated flow directions at the sampling sites are summarized in Table 2. In these calculations,
due north is regarded as the reference direction of motion.
So, the angle of water current in radians can be defined as
0 rad when water flows from south to north, 3.14 rad for
flows from north to south, 1.57 rad for flows from west to
east, and 4.71 rad for flows from east to west.
A comparison of minimum deviation angles (in radians) between calculated flow directions, with and without

6
4.8
S
17
3.2
SE

7
7.0
S
18
2.8
S

8
4.5
SSW
19
4.8
S

9
6.8
S
20
2.6
S

10
7.4
S
21
4.4
ESE

wave action being taken into account, is given in Fig. 5.
In general, the deviation angles associated with calculations that incorporated wave action as a parameter, are
smaller than those in which this parameter was not taken
into account. This indicates that the calculated flow direction in which wave action is taken into account, is closer
to the observed values than that which was estimated
without taking wave action into account.
The above comparisons indicate that the model in
which wave actions are considered provides a more satisfactory reflection of the flow velocity characteristics than
that in which wave action in Taihu Lake is not considered.

Velocity
(cm/s)

Observation
Simulation with wave
Simulation without wave

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0
1

2

3

4

5

6

7

8

9

10 11

12 13

14

15 16

17 18

19

20 21

22

Sampling sites
FIGURE 4 - Comparison of velocity values between observation and simulation

TABLE 2 - Observed and calculated flow directions at sampling sites.

Sites

observation
(rad)

1
2
3
4
5
6
7
8
9
10
11

5.41
5.41
5.24
3.67
3.67
3.14
3.14
3.67
2.62
5.93
3.32

calculation
with wave
(rad)
1.80
3.98
4.71
0.58
1.83
3.91
2.74
2.57
4.96
5.50
1.80

calculation
without wave
(rad)
2.50
0.33
0.99
0.56
2.15
3.96
2.71
3.14
4.21
3.96
1.55

11
5.0
S
22
1.5
S

Sites

observation
(rad)

12
13
14
15
16
17
18
19
20
21
22

0.35
5.24
0.7
1.22
1.92
5.81
5.41
5.76
0.26
4.54
0.52
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calculation
with wave
(rad)
0
2.13
1.19
1.95
0.94
0.87
3.25
1.33
0.86
4.12
0.79

calculation
without wave
(rad)
6.11
2.09
2.53
2.64
0.91
1.24
0.63
0.35
3.79
1.15
3.86
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Minimum deviation
angle (rad)

Simulation with wave
Simulation without wave

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Sampling sites

15

16

17

18

19

20

21

22

FIGURE 5 - Comparison of minimum deviation angles between observed and simulated flow direction.

anticlockwise circulation in the whole bay, as illustrated

In Taihu Lake, the prevailing winds are from the in Fig. 7.
southeast in summer and from the northwest in winter.
The distributions of the flow fields driven by these two
	
  
prevailing winds are simulated in order to further examine
30000
the differences between the calculated results using the models with and without consideration of wave actions. The
20000
computational wind speed was set as 8 m/s, the annual
average wind speed in Taihu Lake, and the computational
duration time of prevailing wind was set as 50 h.
10000

	
  

34000

enlarged

SE 8m/s
10cm/s

SE 8m/s

32000

50cm/s

30000
28000
26000
24000
22000
-40000Bay -35000
Meiliang
x

20000
-50000

y

The simulated flow fields driven by the prevailing
southeast wind using these two models are separately
displayed in Figs. 6 and 7. There are some distinguishable 0
properties in the circulation structures from these two
cases.
-10000

36000

y

(2) Simulation of flow field under prevailing winds

-45000

Xishan
Island

In Fig. 6, the main lake circulation structure, simulated without considering wave actions, is illustrated as a
50cm/s
-20000
long-narrow clockwise circulation along the west
0 5km
lakeshore, accompanying a large-scale anticlockwise
circulation around Xishan Island, that also surrounds a
Bay0
-60000
-40000
-20000
legible and relatively small-scale anticlockwise circula- FIGURE 6 - Distribution of flowxfield without wave actions (SE, 8m/s).
tion in the central eastern area of the lake district.
35000

enlarged

	
  

SE 8m/s
10cm/s

SE 8m/s
50cm/s

y

30000

25000

20000

y

The situation changes remarkably, however, when 	
  
wave action is taken into account. As Fig. 7 illustrates,
30000
although the anticlockwise circulation around Xishan Island is still present, the original small-scale anticlockwise
circulation within it moves up to the northeast, which 20000
is
replaced by a similarly sized clockwise circulation to the
original position, and a newly formed anticlockwise circu10000
lation occupying almost the middle lake district at the west,
adjacent to the clockwise one. Meanwhile, the clockwise
circulation along the west lakeshore (Fig. 6) changes direc- 0
tion towards the south, and then, becomes a southward
alongshore current, flowing in a relatively broad clock-10000
wise circulation in the southern lake area. These movements
are a result of interactions between waves and currents.

-50000

Meiliang
Bay
-40000

-45000

x

-35000

Xishan
Island

-20000
50cm/s
In addition to the above-mentioned current move0
5km
ments, two oppositely directed circulations, located in the
west and east regions, also occur simultaneously in
-60000
-40000
-20000
0
Meiliang Bay (Fig. 6); but in this case, there is only an
FIGURE 7 - Distribution of flow
x field with wave actions (SE, 8m/s).
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The simulated flow fields driven by the prevailing
scale and moves up to the north, and the anticlockwise
northwest wind are displayed in Figs. 8 and 9. The lake circulation develops to occupy the rest of the area of the
circulations influenced by the prevailing northwest wind bay with wave actions.
are, obviously, opposite to those moving under the influence of the southeast wind. The flow fields, using the
35000 	
  
	
  
enlarged
models with and without wave-action parameters, are generNW 8m/s
30000
50cm/s
ally similar in that two large-scale circulations, formed as an
anticlockwise circulation along the west lakeshore and25000
a
20000
clockwise circulation around Xishan Island.
35000

NW 8m/s
10cm/s

y

30000

25000

15000
35000

enlarged

30000

10000

	
  

25000

30000

20000

y

NW 8m/s

	
  

50cm/s

20000

10cm/s

5000

-50000

Xishan
Island

-10000
-15000

20000

y

-50000

50cm/s
0 5km

-40000 Bay
-35000
Meiliang
-20000
x

-45000

-25000

0
-5000

-60000
-40000
-20000
0
FIGURE 9 - Distribution of flowx field with wave actions (NW, 8m/s).

Xishan
Island

-10000
-15000

x

0

10000
5000

Meiliang
-40000 Bay
-35000

-45000

-5000

25000

15000

NW 8m/s

y

35000 	
  

3.3 Sediment nutrient release simulation

50cm/s
0 5km

-20000
-25000

-60000
-40000
-20000
0
FIGURE 8 - Distribution of flow
x field without wave actions (NW,
8m/s).

As Fig. 8 indicates, the anticlockwise circulation along
the west lakeshore appears to be fairly long with a narrow
water zonation, with the scale becoming much wider, as
illustrated in Fig. 9. It should also be noted, however, that,
while there are two similarly sized circulations in
Meiliang Bay — the clockwise circulation at the east region and the anticlockwise circulation at the west region
(Fig 8), the clockwise circulation (illustrated in Fig. 9) is
reduced in

As a key nutrient pollutant in the large shallow Taihu
Lake, total phosphorus (TP) is selected as an example for
numerical simulation of sediment nutrient release by the
models, with and without consideration of wave actions.
(1) Model verification
The observed wind field data in Taihu Lake from May
to August 2000 are selected as the computational winddriven conditions. Table 3 shows details of the wind direction frequency and corresponding wind speed range in
each month. The distribution of dissolved phosphorus
concentration of sediment interstitial water and adsorption
coefficient ki in the whole lake is given, according to the
results of Cheng et al. [42].

TABLE 3 - The observed wind data at 10 m above water surface from May to August 2000.
May
wind direction
W
WSW
SW
SSW
S
SSE
SE
ESE
E
ENE
NE
NNE

wind direction
frequency
2
3
1
4
2
3
3
4
3
2
2
0

June
wind
speed
(m/s)
2.6−4.1
2.6−3.1
3.1
3.1−8.2
2.1−8.7
3.1−4.1
3.6−7.2
3.6−6.2
2.1−4.6
3.6−4.6
3.1−6.7
0.0

wind direction
frequency
0
0
4
1
6
3
2
7
3
1
3
0

July
wind
speed
(m/s)
0.0
0.0
3.1−5.1
4.1
4.1−6.7
4.1−5.7
3.1−5.7
2.1−6.7
4.1−5.1
4.1
3.6−6.2
0.0
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wind direction
frequency
3
3
3
3
2
3
0
2
3
5
2
2

wind
speed
(m/s)
2.6−5.1
3.6−4.6
3.1−4.1
1.5−3.6
2.6−5.7
3.1−5.1
0.0
2.6−2.6
3.1−4.6
2.1−5.7
4.6−6.7
2.1−3.6

August
wind direction
frequency
1
3
2
9
4
5
4
1
2
0
0
0

wind
speed
(m/s)
3.6
3.6−4.6
4.1−4.1
3.1−6.2
3.1−5.1
2.1−9.8
3.6−6.7
4.1
3.6−7.2
0.0
0.0
0.0
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4.1−4.6

0

0.0

0

0.0

0

0.0

y

Water quality sampling sites, where total phosphorus prevailing wind direction was SSW, and the average wind
(TP) was monitored monthly from mid-April to August in speed was 8.2 m/s.
2000, are illustrated in Fig. 10. It should be noted that the
In Figs. 12 and 13 (in which waves were not considmonitored TP concentration in April is regarded as the ered), there are little differences in the contour lines. The
“initial concentration field”. Samples taken from May to maximum increment of TP concentration during the wind
August were used for verification of the models.
period in Taihu Lake is illustrated by the pattern shown
Comparisons of observed and simulated TP concen- for the northeast area of Meliang Bay, in which low intrations, with and without consideration being given to crement (about 0.019 mg/L) was estimated.
wave actions, at certain representative sampling sites are
displayed in Fig. 11. The calculated results (with wave
actions) are overall closer to the monitored values than is
11
30000
N
the case for the other results. The relative deviations be20
tween observed and simulated results at all sites are also
2
14
summarized in Table 4, indicating average relative devia15
20000
tions (with and without consideration being given to wave
3
1
actions) of 25.6% and 35.2%, respectively. It should be
4
10
Length 0 5km
noted that the former result was 9.6% lower than the latter
Scale
10000
result. Results summarized in Fig. 11 and Table 4 indicate
12
that the model, in which wave actions were considered, is
19
13
more precise in terms of simulating TP release from sed0
iment than the model, in which such wave action was not
considered. The former model is, therefore, more reliable,
8
particularly when compared to the field monitoring results
-10000
from Taihu Lake.
7

1

9

7

6
(2) Simulation of TP distribution under strong wind con-20000
ditions
16
18
To further investigate differences in the distribution
5
of TP concentration fields, calculated by the models with
-60000
-40000
-20000
0
and without consideration of wave actions, simulated
FIGURE 10 - Sampling sites for TPxconcentration surveyed in 2000.
results before and after a 4−h strong wind period on May
11th, 2000, was examined (Figs. 12−15). At the time, the

TABLE 4 - Relative deviations between observed and simulated results.
Sites
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

May

June

July

August

with wave

without wave

with wave

without wave

with wave

without wave

with wave

without wave

3.6%
36.3%
3.2%
19.4%
35.2%
18.5%
4.2%
17.5%
12.7%
8.4%
45.9%
29.1%
12.9%
24.7%
13.4%
48.8%
31.8%
64.2%
18.3%

35.6%
11.7%
22.6%
29.0%
48.3%
49.0%
37.9%
43.4%
29.8%
41.0%
48.7%
5.3%
50.2%
26.2%
24.4%
57.0%
44.8%
70.9%
40.8%

27.9%
9.5%
29.1%
25.0%
38.2%
9.8%
6.7%
36.6%
34.2%
5.5%
61.4%
7.9%
12.3%
9.0%
54.9%
32.8%
18.8%
57.0%
24.9%

52.0%
55.0%
20.3%
12.2%
40.4%
50.4%
56.1%
68.2%
51.5%
24.3%
27.4%
39.3%
18.8%
27.0%
58.7%
37.8%
34.6%
63.2%
39.3%

22.7%
7.1%
9.4%
35.8%
32.2%
14.9%
11.4%
19.5%
44.3%
70.4%
74.6%
12.6%
2.2%
29.0%
38.1%
24.8%
30.8%
15.0%
15.1%

43.5%
49.6%
53.6%
8.8%
25.4%
39.7%
72.2%
22.0%
25.4%
45.2%
60.9%
53.1%
14.1%
2.4%
7.4%
29.3%
9.4%
14.9%
0.9%

26.0%
26.1%
20.1%
8.7%
73.8%
7.2%
13.2%
22.5%
24.6%
8.4%
51.2%
16.0%
26.3%
40.7%
49.9%
50.0%
16.9%
16.8%
61.5%

28.2%
54.8%
2.1%
7.5%
74.4%
20.2%
31.9%
8.9%
44.9%
19.6%
66.3%
11.4%
6.2%
25.8%
43.0%
43.0%
2.1%
14.3%
85.9%
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FIGURE 11 - Comparisons between calculated and observed TP concentration in sites.
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FIGURE 12 - Distribution of TP concentration field before the wind
period without waves (mg/L).

FIGURE 13 - Distribution of TP concentration field after the wind
period without waves (mg/L).

FIGURE 14 - Distribution of TP concentration field before the wind
period with waves (mg/L).

FIGURE 15 - Distribution of TP concentration field after the wind
period with waves (mg/L).

The comparison between Fig. 14 and 15 (with consideration given to waves) shows that TP concentrations
increased significantly during the strong wind period,
which is consistent with the observed situation. The increase in TP concentration is particularly noticeable in
Gonghu Bay, the northeast area of Meiliang Bay, and the
northeast area of Zhushan Bay. These three regions have
certain features, in common: all are parts of the upwind

lakeshore area, where wind-induced waves are fully developed, and thus, produce stronger effects (in terms of
processes relating to nutrient release and transport) than is
the case in the downwind lakeshore area. The maximum
increment of TP concentration is 0.151 mg/L after 4 h in
the lake, which also occurs in the northeast area of Meliang Bay. This increment is about 8 times higher than
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that of calculated figures in which wave actions were not
considered.
4. CONCLUSIONS

“Six Talent Peak” of Jiangsu Province (08-C), and the
Fundamental Research Funds for the Central Universities
(No. 2009B18314).
The authors have declared no conflict of interest.

In the large shallow Taihu Lake, the actions of windinduced waves, particularly those produced as result of
benthic shear stress and wave radiation stress, play an
important role in the release of nutrients from sediments
and their transport within the water-body. In this study, a
new depth-averaged two-dimensional mathematical model — coupled with lake current, wave actions, suspended
solids, nutrient release and transport equations — was
established on unstructured grids, and employed to simulate the distributions of water flow and TP concentration
fields in Taihu Lake under different wind conditions.
Comparisons of calculated results, between both models
(with and without consideration of wave actions) were
conducted. The main conclusions are out-lined below.
(1) The accuracy of the model in which wave action
was taken into account, is higher than that of the model
when this factor was not considered. Respective average
relative deviations of velocity and TP concentrations,
calculated by the two model types (i.e. with and without
wave action as a factor), are as follows: 17.6% and 44.4%
deviation in terms of velocity, and 25.6% and 35.2% in
terms of TP concentration.
(2) Detailed numerical evidence also indicates that,
during strong wind conditions (average speed of about 8
m/s), wind-induced waves exert significant influences on
the flow field as well as TP release and transport in Taihu
Lake. These influences, which seem to be particularly
obvious in the upwind area of the lake, can bring about
remarkable variations in local circumfluence patterns and
TP distribution. Simulations indicate a significant notable
elevation in TP concentration during strong-wind conditions, which is also consistent with the field-observed
situation.
(3) By integrating the effects of lake currents, waves,
sediment re-suspension, nutrient release, and transport
processes, this model has shown good agreement with
field-observed data and might be suitable for the simulation of sediment nutrient release in the large shallow Taihu Lake.
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ACCUMULATION OF COPPER, ZINC AND CADMIUM IN LIVER,
GILL AND MUSCLE TISSUES OF OREOCHROMIS NILOTICUS
EXPOSED TO THESE METALS SEPARATELY AND IN MIXTURE
Mustafa Tunçsoy* and Cahit Erdem
University of Cukurova, Faculty of Science and Letters, Biology Department, 01330 Balcalı, Adana, Turkey

ABSTRACT
Accumulation of copper, zinc and cadmium in gill, liver
and muscle tissues of Oreochromis niloticus was determined after exposing the animals to (ppm) 5.0 Cu, 5.0 Zn,
1.0 Cd, and their mixtures over 24, 48 and 96 h. AAS
method was used in determining the tissue metal levels.
Accumulation increased with increasing exposure periods when exposed to metals separately or in mixture.
Highest zinc and cadmium accumulation was in the order
gill > liver > muscle while the order of copper accumulation
was liver > gill > muscle when exposed to metals separately.
Maximum accumulation of Cu was in liver while those
of Zn and Cd were in gill tissues when exposed to metal
mixture. Muscle accumulation was lowest in metal mixture-exposed fish. Effects of the metals applied singly increased Cu levels in liver and that of Zn in gill and muscle
tissues at the tested concentrations.
KEYWORDS:
Zinc, cadmium, copper, mixture, Oreochromis niloticus.

1. INTRODUCTION
Heavy metals are natural components of aquatic environments where they enter by a number of natural events,
such as volcanic eruptions and erosion. In recent years,
however, their levels in these environments become hazardous to aquatic life, mainly because of anthropogenic activities such as mining, metal plating, dyes, plastic and glass
industries, and agricultural use of pesticides and artificial
fertilizers [1, 2].
As the concentration of heavy metals increase in aquatic
environments, which is the main sink for various toxicants,
at sub-lethal concentrations, they accumulate in tissues as a
result of various changes in internal dynamics [3]. When the
excretion, storage and detoxification mechanisms do not
compensate intake, they show their toxic effects [4].
* Corresponding author

Zinc is a basic element that is needed by all organisms
including plants, animals and microorganisms in trace
amounts [5]. It has enzyme activation function in protein
and carbohydrate metabolism [6], and forms active sites of
metalloenzymes, such as DNA and RNA polymerases [7].
Zinc is an element that is needed for the continuation of
membrane structural integrity and also for gonadal development [8].
Copper is also a basic element for the continuation of
metabolic functions [9]. It has a role in bone formation,
myelination in vertebrates, or hemoglobin synthesis, and
it forms the structural components of metalloenzymes, especially cytochrome oxidase and enzymes that have functions in redox reactions. Liver is known to be the main
storage site for copper [10].
Cadmium has no biological role and is a toxic element, even in trace amounts [7]. Cadmium level in natural
waters is generally low. Sources that contribute cadmium
pollution are dye production, mining industry, fossil fuels,
and the use of pesticides and fertilizers [11].
Discharge of Cu, Zn and Cd from the sources mentioned above without refinement will result in accumulation
in aquatic organisms showing their toxic effects. Excess Zn
prevents development [12], causes pathological and morphologic abnormalities [6], structural deformations in gills,
and mortality in fish [13]. High Cu concentrations decrease reproduction capacity [14], cause hemorrhage in
gills, decrease in heart beat and anemia [15], ion regulatory upset [16], and vertebral abnormalities. Cadmium
prevents embryonic development, causes abnormalities in
head formation, vertebrate curvature, hypocalcemia symptoms, and inhibits bone restoration mechanisms [17].
Gills are the target organs for heavy metal accumulation since they are in direct contact with the external environment [18]. Metals entering gills are firstly transferred
to the liver by circulatory system, and when the carrying
capacity of liver is exceeded, they are transferred and
stored, especially to metabolically active organs. Muscle
is important for the transfer of metals through the foodchain; but it is not a metabolically active tissue, and metal
accumulation in this tissue is generally low.
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It is important to study tissue metal accumulation in
aquatic organisms since it results in concentrated transference of metals to higher tropic levels through the foodchain. Habitat change or the extinction of a species from a
habitat due to metal poisoning breaks down this chain,
and can cause permanent alterations in ecosystem.
O. niloticus is a tropical freshwater fish and cultured
extensively for its economic importance. Moreover O.
niloticus have high tolerance to changing environmental
conditions, such as temperature and salinity, have a short
food-chain, good food valuation rate, and are resistant to
parasitic diseases and intensive stocking conditions [19].
Although there are a number of studies on the specific tissue accumulation of metals in various fish species,
studies on the effects of metal mixtures in tissue accumulation are increasing. Hence, the aim of the present study
was to determine metal accumulation in gill, liver and
muscle tissues of O. niloticus exposed to (ppm) 5 Cu, 5 Zn
and 1 Cd singly, and in mixture over time periods of 24, 48
and 96 h.
2. MATERIALS AND METHODS
Experimental material, O .niloticus, were obtained from
the reproduction pools of Adana State Water Works, 6th
Regional Directorate, brought to laboratory and placed in
glass aquaria (40x120x40 cm) containing 120 L of tap
water. They were adapted to controlled laboratory conditions over a month. Fish reached 16.9±1.13 cm length and
71.95±1.21 g weight at the end of this period. Experiments
were run at 25±1 °C and under 12-h light / 12-h dark photoperiod. Aquaria were aerated using a central aeration system.
Taking the metals and their mixture into account, five
of the above glass aquaria were used in the experiments,
and 120 L of experimental solution was added into each.
The experimental solutions used were 1.0 ppm Cd, 5.0 ppm
Cu, 5.0 ppm Zn, and the same concentrations of them in
mixture. Metal-free tap water was added to the fifth aquarium and used as control. Experimental solutions were prepared using copper sulphate (CuSO4 5H2O), zinc sulphate
(ZnSO4 5H2O) and cadmium chloride (CdCl2 H2O). Trisodium citrate (C6H5Na3O7.5H2O) was added to experimental
solutions to prevent adsorption and precipitation.
Some physical and chemical characteristics of the experimental water were as follows:
Temperature: 21.2±1 °C, total alkalinity: 319±0.5 mg
CaCO3/L, dissolved oxygen (DO): 6.46±0.6 mg/L, and
pH: 7.57±1.
Nine fish were placed in each of the five aquaria (in
total 45 fish). Experiments were run in triplicate with 3 fish
in each replicate. Fish were fed daily with Cd-free commercial fish feed (Pınar: Palette No.:2) in amounts of 2% of
total biomass during the experiments. Experimental solutions were replaced every day from freshly prepared stock

solutions in order to prevent changes in concentration due
to adsorption and evaporation.
Three fish were removed from each aquarium at the
end of each experimental period for metal analysis. They
were washed under tap water and dried using Whatman
filter papers. Gill, liver and muscle tissues of the three
fish in each replicate were dissected, and each tissue dissected from three fish was combined. The tissues were then
brought to a constant weight by leaving them at 150 °C for
48 h.
The dry weights of the tissues were measured on a
0.0001 g sensitive balance (Sartorius-2248), transferred
into experimental tubes, and then, nitric acid (Merck, 65%,
S.G. 1.40): perchloric acid (Merck, 60%, S.GA. 1.53) mixture (2:1, v/v) was added into each tube. Tissues were wet
burned at 105 °C for approximately 3 h, after which a
bright solution was obtained [20]. Tissue samples were
then transferred into polyethylene tubes and their volumes
were brought to 5 ml with distilled water. Tissue levels of
Cu, Zn and Cd were determined by AAS analysis (Varian
AA240FS).
Statistical evaluation of the experimental data was carried out by variance analysis and Student Newman Keul’s
procedure (SNK) using SPSS 16.0 pocket program [21].
3. RESULTS
No mortality was observed during the experiments but
some behavioral abnormalities, such as rejecting food,
moving towards the surface, increase in operculum movement and coordination disturbance in swimming activities.
Copper, zinc and cadmium levels in tissues of O. niloticus at the exposure periods and metal concentrations
tested are given in Figs. 1-3 for gill, liver and muscle
respectively.
Highest accumulation of copper was observed in liver
tissue while the highest zinc accumulation was in gill and
muscle tissues of O. niloticus when exposed to metals
singly (Figs. 1-3).
Copper accumulation in gill tissue of O. niloticus exposed to Cu alone and in mixture increased significantly
above the control levels at the end of 96-h exposure period (P<0.05) (Table 1) while there was no difference in
liver Cu accumulation compared with control at the exposure periods and concentrations tested (P>0.05). Metal
mixture did not affect the muscle accumulation of Cu in
any of the tissues studied during the exposure periods
tested compared with the control (P>0.05).
Tissue accumulation in fish exposed separately to Zn
did not differ significantly at a given tissue compared
with control and with exposure period (P>0.05), except in
muscle tissue after 48 h and liver tissue after 96 h
(P<0.05) (Table 2). There was no time-dependent increase
in tissue accumulation of Zn in fish exposed to metal
mixture (P>0.05).
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(a)

(b)

(c)
FIGURE 1 - Metal accumulation in gill tissue of O. niloticus exposed to copper, zinc and cadmium over 24 (a), 48 (b) and 96 (c) hours (µg/ g d.w.).

(a)

(b)

(c)
FIGURE 2 - Metal accumulation in liver tissue of O. niloticus exposed
to copper, zinc and cadmium over 24 (a), 48 (b) and 96 (c) hours (µg /g d.w.).
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(a)

(b)

(c)
FIGURE 3 - Metal accumulation in muscle tissue of O. niloticus exposed
to copper, zinc and cadmium over 24 (a), 48 (b) and 96 (c) hours (µg /g d.w.).
TABLE 1 - Accumulation of copper in gill, liver and muscle tissues of O. niloticus exposed to copper alone and in mixture (µg Cu/g dw).

TISSUE

CONCENTRATION (ppm)

24

X ± sx

*

EXPOSURE PERIOD (h)
48
X ± sx *

96

X ± sx

*

Control
3.827 ± 0.676 as
3.419 ± 1.502 as
3.506 ± 0.566 as
Gill
5 ppm Cu
11.65 ± 4.511 as
7.602 ± 0.951 as
10.38 ± 1.755 bs
Cd+Cu+Zn
8.841 ± 1.627 as
9.741 ± 2.915 as
11.98 ± 2.980 bs
Control
626.0 ± 90.73 as
909.0 ± 126.5 as
835.1 ± 69.03 as
Liver
5 ppm Cu
695.4 ± 69.61 as
742.7 ± 96.82 as
778.6 ± 76.37 as
Cd+Cu+Zn
697.2 ± 89.62 as
931.0 ± 67.54 as
672.4 ± 89.04 as
Control
4.752 ± 0.719 at
2.661 ± 0.722 ast
1.797 ± 0.257 as
Muscle
5 ppm Cu
8.276 ± 0.971 bt
3.945 ± 0.153 as
2.137 ± 0.492 as
Cd+Cu+Zn
3.622 ± 1.185 as
4.641 ± 1.325 as
3.346 ± 0.587 as
* = SNK; Letters a, b, c and s, t show differences among exposure periods and concentrations at a given tissue, respectively. Data shown with different letters are significant at the P<0.05 leve; X ± sx = mean ± standard error.
TABLE 2 - Accumulation of zinc in gill, liver and muscle tissues of O. niloticus exposed to zinc alone and in mixture (µg Zn/g dw).

TISSUE

CONCENTRATION (ppm)

Gill

Liver

Muscle

Control
5 ppmZn
Cd+Cu+Zn
Control
5 ppmZn
Cd+Cu+Zn
Control
5 ppmZn
Cd+Cu+Zn

24

X ± sx

*

109.8 ± 9.412 as
134.4 ± 17.44 as
101.9 ± 4.322 as
67.53 ± 3.812 as
78.95 ± 8.712 as
74.67 ± 2.764 as
46.71 ± 7.648 as
44.12 ± 1.394 at
45.92 ± 4.491 as

For abbreviations see Table 1
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EXPOSURE PERIOD (h)
48
X ± sx *
103.7 ± 8.673 as
89.51 ± 1.917 as
97.51 ± 3.430 as
80.16 ± 7.031 as
74.76 ± 5.857 as
73.06 ± 6.169 as
53.90 ± 0.776 bs
30.52 ± 3.318 as
38.29 ± 1.898 as

96

X ± sx

*

85.40 ± 2.000 as
140.0 ± 32.80 as
112.9 ± 18.68 as
67.62 ± 3.496 as
118.1 ± 1.660 bt
70.99 ± 2.094 as
45.67 ± 4.024 as
51.82 ± 2.434 at
39.19 ± 5.649 as
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TABLE 3 - Accumulation of cadmium in gill, liver and muscle tissues of O. niloticus exposed to cadmium alone and in mixture (µg Cd/g dw).
TISSUE

CONCENTRATION (ppm)

24

X ± sx
Control
Gill
1 ppmCd
Cd+Cu+Zn
Control
Liver
1 ppmCd
Cd+Cu+Zn
Control
Muscle
1 ppmCd
Cd+Cu+Zn
For abbreviations see Table 1

*

1.075 ± 0.206 at
4.045 ± 0.592 bs
3.769 ± 0.646 bs
0.498 ± 0.120 as
2.808 ± 0.166 cs
1.201 ± 0.220 bs
0.629 ± 0.071 as
1.153 ± 0.164 bt
0.517 ± 0.147 as

Cadmium exposure increased tissue Cd accumulation
significantly (P<0.05) compared with control, except the
muscle tissue after 48 h (P>0.05) (Table 3). Exposure to
metal mixture also increased gill and liver accumulation
of Cd (P<0.05), but had no effect on muscle accumulation
(P<0.05). Cd accumulation in gill tissue of O. niloticus
increased with exposure period when exposed to Cd alone
(P<0.05), and in liver tissue when exposed to metal mixture (P<0.05).
4. DISCUSSION
Aquatic organisms react to stress factors by changing
their feeding, development and reproduction behaviors [22].
Some behavioral changes, such as reject feeding, increase
in operculum movements, erected dorsal fin spines, increase in mucus secretion and heavy pigmentation occur at
the beginning of chronic heavy metal exposure but return to
normal during prolonged exposure [23, 24]. Similar behavioral changes were also observed in the present study.
Accumulation and toxic effects of heavy metals depend on the physical and chemical characteristics of water
[25]. Water hardness and alkalinity affects cadmium accumulation in tissues of C. carpio [26], while temperature
affects Zn uptake in T. zillii and C. lazera [27]. It was
shown that Cu toxicity in O. mykiss depends upon pH [28].
Liver is a metabolically active organ which plays a role
in conversion of nutrients, intoxication of harmful substances, and especially, in digestion of lipids [18]. Highest
Cd accumulation in C. carpio [29], O. mykiss [30] and T.
nilotica [31] exposed to sub-lethal concentrations of this
metal was in liver tissue, followed by spleen, gill and muscle tissues which was related to detoxification mechanisms.
Gills, having a wide surface area, are the main tissue in
ion regulation and gas exchange which is in direct contact
with the external media. Highest accumulation of Cd was
observed in gill tissue in C. carpio exposed to sub-lethal
levels of this metal over 29 days, which was related to their
direct contact with the external media [32]. It was suggested that gill is the target organ in metal uptake, since gill

EXPOSURE PERIOD (h)
48
X ± sx *
1.210 ± 0.241 at
5.757 ± 0.813 bs
4.397 ± 0.258 bs
1.215 ± 0.198 at
3.956 ± 0.001 ct
2.116 ± 0.158 bt
1.073 ± 0.076 as
0.619 ± 0.060 as
0.786 ± 0.262 as

96

X ± sx

*

0.318 ± 0.029 as
10.50 ± 1.356 bt
3.489 ± 1.862 as
0.726 ± 0.001 as
3.197 ± 0.133 cs
2.350 ± 0.290 bt
0.626± 0.189 abs
0.918 ± 0.083 bst
0.207 ± 0.079 as

and liver tissues accumulated the highest levels of Zn in
T. zillii and C. lazera exposed to high levels of the metal
for short periods [27].
Muscle is an important tissue for carrying the metals
to upper trophic levels, although it is not an effective tissue
in metal accumulation. Muscle accumulation of metals was
shown to be lower compared with kidney, liver and gill
tissues in studies carried out in nature and under laboratory conditions [33, 34].
Accumulation and toxic effects of metals depend on
species under concern [30-35], developmental phase [27],
sex [36], metal and its concentration [37], exposure period
[33], physical and chemical characteristics of water [26] and
also on the presence of other metals in the medium [38].
It was shown that accumulation of metals in tissues of
O. kisutch exposed to Cd-Zn mixture was lower compared
with fish exposed to these metals singly [39]. F. heteroclitus exposed to copper-zinc-cadmium mixture over 48 h
accumulated more metal compared with the metals applied singly [40]. Tissue accumulation of Cd increased in
O. niloticus exposed to 0.1 ppm Cd singly, and in 0.5 ppm
Zn mixture over 15 days, compared with control. Maximum accumulation was observed in gill tissue, followed
by liver and muscle tissues in both cases [41]. No significant difference was observed in tissue accumulation of
metals in Oreochromis aureus exposed to cadmiummercury-lead in mixture and singly [42].
Exposure to Cu-Zn-Cd mixture did not affect the accumulation of gill, liver and muscle accumulation of Cu
and Zn, while had an antagonistic effect on Cd accumulation which may be due to Cd being a toxic element while
Cu and Zn are essentials.
Copper accumulation was higher in liver whereas that
of Zn was found to be high in gill and muscle tissues of
O. niloticus reflecting the differences in the metabolic
activities of these organs.
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CHANGES IN WATER PROPERTIES IN
TWO DIFFERENT MACROPHYTE STANDS AND IN OPEN
WATER IN A SHALLOW FRESHWATER LAKE IN TURKEY
Hanife Özbay*
Nevşehir University, Faculty of Sciences, Department of Biology, 50300, Nevşehir, Turkey

ABSTRACT

1. INTRODUCTION

Aquatic plants play an active role in structuring the
ecosystems of shallow lakes. However, the effects of different macrophyte species on the water column vary in
terms of hydrodynamics and sediment resuspension. This
study experimentally compared the effects of two different
macrophyte life-forms in a shallow semi-arid Mediterranean Turkish freshwater lake: the floating-leaved plant
Polygonum amphibium L. and the submersed plant
Myriophyllum verticillatum L. During daylight hours
between 25th of June to 23th of July, 2009, water samples
were obtained from monospecific Polygonum amphibium
and Myriophyllum verticillatum stands with very occasional Myriophyllum spicatum L. stands growing to the
surface in water approximately 0.5 m deep, with similar
densities across sites and in open water (three sites: two
with plant satands and one without plants). Samples were
collected from four locations for each plant species, and
the open-water samples were also collected from four
locations more than 5 m away from any aquatic plants. To
understand the vertical structure of the water chemistry,
samples were taken at depths of 0, 10 and 30 cm at each
stand and open-water sampling location. Oxygen and pH
varied among sites and depths in both the morning and
afternoon measurements. This study indicated that, similarly to submersed macrophytes, floating-leaved plants
may play an active role in determining the water properties of a shallow Mediterranean lake.

KEYWORDS: aquatic vegetation, floating-leaved plant, submersed plant, Polygonum amphibium, Myriophyllum verticillatum.

* Corresponding author

Aquatic plants play an active role in structuring the
ecosystems of shallow lakes. However, the effects of different macrophyte species on the water column vary in terms
of hydrodynamics and sediment resuspension [1], due to
the variable architecture and growth characteristics of
macrophytes [2]. The metabolic activity of plant stands
leads to vertical, diel and seasonal changes in pH, oxygen
and temperature [3-5]. Numerous investigations have
indicated that submersed macrophytes can alter water
chemistry and enhance sediment deposition in lakes,
rivers and floodplains [6, 7]. Submersed macrophytes can
maintain clear water through two general mechanisms:
reductions in nutrients, known as bottom-up control, and
enhancement of phytoplankton control by zooplankton
grazers (top-down control) [7].
Submersed macrophytes are responsible for many
ecological processes in shallow temperate lakes. In subtropical and tropical lakes, however, free-floating macrophytes may be equally or more important [8]. Recent
studies suggest that the dominance of free-floating plants
can be self-stabilising [9]. Competition with phytoplankton is different for free-floating compared to submerged
macrophytes. Phytoplankton and periphyton can harm the
macrophytes by creating shade [10], whereas the reverse
can occur with an extensive cover of free-floating macrophytes. Clear water might be advantageous for the growth
of free-floating plants because the direct competition by
phytoplankton for nutrients may be minimised [8].
However, eutrophication is widespread in human-disturbed regions of the Earth, and climate change will generally favour eutrophication through enhanced nutrient loadings, especially in northern temperate freshwater environments [11, 12]. In arid regions, despite reduced external
loading due to a lower hydraulic input, nutrient concentrations might also increase in lakes because of evapotranspiration, internal loading and reduced nitrification under
low-oxygen conditions [11-13]. Therefore, global climate
change is predicted to reduce the nutrient retention capacity in shallow lakes in the Mediterranean region, further increasing eutrophication [13].
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The present study experimentally compared the effects of two different macrophyte life-forms, the floatingleaved plant Polygonum amphibium and the submersed
plant Myriophyllum verticillatum, in a shallow semi-arid
Mediterranean freshwater lake in Turkey. These species
were selected because they are typical representatives of
their respective categories of plants [14], and because
they are widely distributed all over the world. This study
tested the hypothesis that floating-leaved plants have
structuring effects on the functioning of shallow lakes
similar to those exerted by submersed plants.
2. MATERIALS AND METHODS
Lake Çali (41° 12’N, 43° 12’E, Kars, Turkey) is a
small (171,273 m2, 1 m depth), shallow and macrophytedominated semi-arid Mediterranean lake. From 25th of
June to 23th of July, 2009, a series of water samples were
collected weekly from areas featuring monospecific Polygonum amphibium and Myriophyllum verticillatum with
very occasional Myriophyllum spicatum L. stands, growing to the surface in water approximately 0.5 m deep, with
a similar density across sites. Samples were also collected
from three open-water sites. Sampling occurred at four
points for each plant species, and the open-water samples
were collected from four different sampling points more
than 5 m from any aquatic plants. To characterise the
vertical structure of the water chemistry, samples were
taken at depths of 0, 10 and 30 cm at each stand and each
open-water site.
In the morning (07:00), and again in the late afternoon (17:00), temperature, pH and dissolved oxygen
(DO) levels were measured at each sampling point using a
WTW pH 315i/set meter (Weilheim, Germany), a WTW
cond 315i/set meter (Weilheim, Germany), and a WTW
Oxi 197i oxygen meter (Weilheim, Germany), respectively.
Water samples were collected from known depths with a
remote sampler consisting of a total of three 100 cm3 hypodermic syringes attached to a graduated pole, and these
samples were used to determine pH, NH4-N, NO3-N and
soluble reactive phosphorus (SRP) levels. A WTW Oxi 197i
oxygen meter probe was attached to a second graduated
pole and was used to measure the temperature and oxygen
concentration in situ. NH4-N, NO3-N and soluble reactive
phosphorus (SRP) were analysed according to APHA guidelines [15].
Macrophytes density was determined at the end of the
experiment at the plant sites. The plants were collected
from randomly selected areas, measuring 25 x 25 cm, at
each of the plant sites, sorted from the debris, and dried to
constant weight in an oven at about 70 °C. Their dry weight
was measured and the mean value extrapolated.
All statistical analyses were performed using Minitab
11 [16]. Two-way analyses of variance (ANOVA) were
used to detect the effects of sites (three sampling sites:

two with plant stands, one without), depths (0, 10 and
30 cm), and their interaction.
3. RESULTS AND DISCUSSION
Table 1 reports the physico-chemical measurements
and the results of their statistical analyses. According to
Table 1, temperature did not vary significantly among
sites and depths in the morning but significantly in the
afternoon measurements, although it tended to decrease
with depth, especially in the morning.
Oxygen varied among sites, with M. verticillatum
stands generally exhibiting higher values, regardless of
depth or time of day compared to the two other sites. P.
amphibium stands showed higher DO levels at the surface
compared to open water (Table 1).
The pH values varied among sites and depths in both
the morning and afternoon. Generally, pH values were
higher in plant stands than in open water. In addition, pH
values were higher at the surface than at depths of 10 and
30 cm.
In the morning, NO3-N and NH4-N measurements did
not vary greatly among sites and depths, but significant
differences were observed among sites and depths in the
afternoon for both NO3-N and NH4-N. NO3-N levels were
generally found to be lower in plant stands than in open
water; however, these levels tended to increase at a depth of
30 cm. Although NH4-N also tended to increase at 30 cm, it
was lowest in the afternoon at the surface of P. amphibium
stand sites compared with other sites.
In contrast, SRP values exhibited significant differences among sites and depths, but only in the afternoon.
SRP increased weith depth and reached the highest values
at 30 cm depth for all sites and both measurements. Densities of macrophytes were found to be 29.86±2.86 g dry
weight m-2 for M. verticillatum and 23.21±4.67 g dry
weight m-2 for P. amphibium.
This study tested the hypothesis that floating-leaved
plants have similar structuring effects on the function of
shallow lakes as those exerted by submersed plants. For
pH, significant differences were found among sites and
depths in both the morning and afternoon measurements,
whereas oxygen showed significant differences only in
the morning. Significant differences were only observed for
NO3-N and SRP in the afternoon, whereas NH4-N exhibited significant differences in both morning and afternoon
measurements.
Submersed macrophytes participate in a positive
feedback loop with water transparency, which has given
theoretical support to the alternative stable-state hypothesis for shallow temperate lakes [7]. This hypothesis states
that, over the same range of nutrient concentrations, shallow lakes can be clear with abundant submersed vegetation, or turbid with dominant phytoplankton. These two
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TABLE 1 - Water properties measured in the morning (07:00) and in
the afternoon (17:00) in a shallow semi-arid Mediterranean Turkish lake.
Sampling
depth (cm)
0

OW

07.00
SS

17.00
FS

SDxS

OW

SS

FS

SDxS

11.62
11.12
11.75
20.2
21.0
19.30
±0.85
±0.59
±0.96
±0.66
±1.00
±0.95
Temperature (°C)
10
10.00
10.62
9.37
NS
19.70
20.2
18.0
*
±0.70
±0.99
±0.85
±0.96
±0.66
±1.41
30
9.62
9.62
8.12
11.00
11.30
18.0
± 0.69
±0.69
±0.78
±1.41
±0.85
±1.41
0
7.88
8.65
8.87
8.77
13.28
11.41
±0.07
±0.91
±0.27
±0.29
±0.60
± 3.78
Oxygen
10
7.57
8.41
7.97
NS
8.55
8.73
8.20
***
(mg l-1)
±0.09
±0.09
±0.13
±0.20
±0.48
±0.40
30
7.46
8.30
7.87
7.43
8.62
7.31
±0.09
±0.23
±0.13
±0.19
±0.15
±0.12
0
8.13
8.41
8.23
8.17
8.93
8.58
±0.15
±0.11
±0.14
±0.18
±0.21
±0.18
pH
10
8.05
8.32
7.91
*
7.58
8.50
8.15
***
±0.15
±0.15
±0.20
±0.14
±0.12
±0.11
30
7.58
8.01
7.11
7.27
7.43
7.68
±0.11
±0.11
±0.07
±0.08
±0.13
±0.10
0
0.201
0.171
0.172
0.175
0.159
0.146
±0.01
±0.007
±0.005
±0.01
±0.007
±0.01
N-NO3
10
0.180
0.160
0.158
NS
0.177
0.171
0.173
***
(mg l-1)
±0.006
±0.01
±0.009
±0.005
±0.009
±0.01
30
0.201
0.181
0.162
0.198
0.206
0.203
±0.007
±0.007
±0.001
±0.006
±0.01
±0.007
0
66.40
64.80
75.00
71.60
63.90
63.70
±2.34
±2.29
±3.06
±3.59
±4.49
±3.71
N-NH4
10
68.40
63.20
74.42
***
79.30
69.60
79.33
***
(µg l-1)
±2.84
±2.31
±2.21
±2.54
±4.68
±3.81
30
79.40
69.60
77.00
81.70
72.90
81.60
±2.78
±3.08
±2.72
±2.50
±2.94
±2.29
0
32.30
33.00
35.80
40.90
42.40
55.90
±1.18
±1.38
±2.00
±2.43
±2.21
±2.33
SRP
10
32.70
37.10
44.40
NS
43.20
53.27
59.30
***
(µg l-1)
±1.65
±2.48
±2.82
±2.45
±2.46
±3.22
30
38.50
40.00
51.60
44.90
60.30
63.27
±2.14
±1.80
±1.60
±2.97
± 2.10
±3.29
2 plant communities (stands) were sampled, including 1 dominated by a submersed species (SS) and 1 dominated by a floating-leaved species (FS),
and samples were also collected in open water (OW). The values shown here are means (n=20) ± SD. NO3-N = nitrate nitrogen, NH4-N = ammonium
nitrogen, SRP = soluble reactive phosphorous. The significance of the two-way ANOVA results for the interaction sampling depth (SD) x sites (S) are
indicated as NS= p>0.05, *= p<0.05 and ***= p<0.001.

states are stabilised by biological and physical-chemical
mechanisms related to submersed macrophytes or phytoplankton, respectively. However, tropical and subtropical
systems differ from temperate systems [17]. In addition to
submersed plants, these systems frequently feature large,
free-floating macrophytes. Free-floating plants can strongly
affect nutrient dynamics [18, 19].
Jones et al. [20] indicated that in the Leeds and Liverpool Canal, the temperature profiles showed progressive
surface warming during the day, followed by cooling
during the night, especially in the upper layers. Because
the density of water above 4 °C is proportional to temperature, the upper level would be expected to sink to the
bottom by convection. According to Jones et al. [20], the
resistance to water-flow created by the presence of plants
might slow this movement, greatly reducing the mixing of
the water within vegetation stands. It appears that surface
warming and cooling processes were not taking place
during the course of the current study, as the temperature

gradient was found to be very similar between plant
stands and open water, especially in the morning, due to
the Mediterranean climate. Additionally, the measured
temperature was greater within the M. verticillatum bed
and in open water than within the P. amphibium bed in
late afternoon. This difference in temperature between
stands most likely occurred because of the resistance to
water movement caused by the submersed macrophyte M.
verticillatum which was greater than that caused by the
floating-leaved macrophyte P. amphibium.
The oxygen concentration within the M. verticillatum
stands was generally higher than those of both the P.
amphibium bed and of open water. Frodge et al. [5] concluded that oxygen conditions within a stand are largely
determined by plant architecture and density. Clearly, in
the present study, the submersed macrophyte M. verticillatum produced a denser stand under the water column
than the floating-leaved P. amphibium. Floating-leaved
plants are also known to reduce light availability, DO and
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pH in the water beneath the plants [3]. The results of the
present study are in agreement with those of Unni [3] in
that oxygen and pH values beneath P. amphibium were
generally lower than in both open water and the M. verticillatum bed. Therefore, it is not surprising that higher
oxygen concentrations were found within the M. verticillatum bed than in the P. amphibium bed, in both measurements herein.

ing the water properties in a shallow Mediterranean lake.
Due to the limited data available in the present study,
further studies are needed to determine the generality of
the idea that floating-leaved plants are as important as
submersed plants in determining water properties.

The observed changes in pH and oxygen were caused
primarily by the uptake or release of CO2 during photosynthesis and respiration. Jones et al. [20] suggested that
most of the photosynthesis in Elodea nuttallii beds occurs
in the morning, particularly in the upper portions of the
stands. Although the surface receives light in the afternoon, photosynthesis in the top 20 cm has essentially
stopped; however, in the lower parts of the plant, the pH
continues to rise until the afternoon as a result of continued photosynthesis. This pattern fits with the observation
in this study of a higher pH within the M. verticillatum
bed than in open water or the P. amphibium stand, at both
measurement times. In contrast, as indicated by Unni [3],
pH tends to decrease beneath floating-leaved plants, and
hence, the measured pH was lower within the P. amphibium stand than in open water or the M. verticillatum stand
at both measurement times. However, both pH and oxygen tended to decrease with depth at all sites and at both
measurement times. Baker et al. [21] reported a similar
finding that both oxygen concentration and pH were
greatest near the water surface and, along with redox,
were lowest near the sediment.
Concentrations of NO3-N and NH4-N were more depleted in both plant stands than in open water, whereas
the SRP concentrations increased over time in both plant
stands and open water. Increased rates of uptake by macrophytes and periphyton may explain the relatively greater depletion of available N within the plant stands. SRP
release from sediments and its uptake by photosynthetic
organisms explains the greater concentration of this nutrient towards the bottom of the water column. This process
may also explain the increased concentration of SRP in
the water column during the day, which was most likely
temperature-related [22].
In contrast, the concentrations of NO3-N, NH4-N and
SRP tended to increase with depth, whereas Baker et al.
[21] found that only the concentrations of NH4-N and
SRP were highest at the sediment in a temperate lake.
4. CONCLUSION
Different macrophyte species have different effects
on the water quality of lakes. This study showed that the
submersed macrophytes play an important role in determining the water properties, as indicated by numerous
studies in temperate and tropical lakes. Furthermore, the
results showed that, similar to submersed macrophytes,
floating-leaved plants can play an active role in determin-
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ABSTRACT
The photo-degradation of methyl orange (MO) in
neutral, alkaline and acidic media under external UV light
irradiation by zinc oxide nano-sized catalysts as a semiconductor photocatalyst on glass granules is reported. The
effect of four types of atmosphere, including air, nitrogen,
oxygen and argon, was investigated. Kinetics of decolorization was investigated and pseudo-first order kinetic was
found under these atmospheres. The kinetic considerations
showed that the pseudo first order is seen after 10 min from
reaction initiation. The results evidenced that the MO dye is
degraded under argon and nitrogen faster than air and oxygen. Finally, it was revealed that photo-degradation using
ZnO nano-sized layer on glass granules can be considered
as a new alternative catalytic system for efficient treatment of wastewater pollutants.
KEYWORDS:
Photo-degradation, nano-sized zinc oxide, pollutant, sol-gel

1. INTRODUCTION
Dyes are widely applied in textile, leather, paper, printing inks, plastics, cosmetics, paints, pharmaceutical, and
food industries. This waste represents a great hazard to
humans and environmental health due to the toxicity of azo
dyes. Interest in the application of semiconductor photocatalysts in different fields has increased rapidly in recent years.
It is apparent that in the past two decades, zinc oxide
has attracted much attention with respect to the degradation of various pollutants due to its high efficient photosensitivity, stability and suitable band gap [1–4]. Sometimes, ZnO is more efficient than TiO2, and absorbs over a
larger fraction of the solar spectrum than TiO2 [5]. Zinc
oxide is thought to be a low-cost alternative photocatalyst
to TiO 2 for photo-degradation of organic pollutants in
* Corresponding author

aqueous solutions [6]. Thin film photocatalysts have
various properties, such as high photocatalytic ability,
high stability, and convenient reuse that nowadays have
received more and more attention [7-9]. Methyle orange
(MO) is a dye pollutant that is of interest to be eliminated
from wastewaters for environmental chemists [10-15].
In this work, zinc oxide nanoparticles were formed on
glass beads by sol-gel coating method. Then, it has been
employed in photocatalytic decolorization of MO in aqueous solutions under the illumination of UV light. And finally, decolorization of dye is measured spectrophotometrically.
2. MATERIALS AND METHODS
All the chemicals, (Zn(CH3COO)2.2H2O, 99.5%, HF,
38.4%, HCl, 37%, NaOH, 99%, methyl orange (C.I. 13025),
were analytic grade reagents, used without further purification and purchased for Merck Company. The coating
substrate (glass granules) was pre-heated at 275 °C for
10 min in air after each coating. Then, post-heating for 1 h at
450 °C produced the substrate. The sol-gel coating was
made usually a day after the sol solution was prepared.
Nano-sized zinc oxide thin film was supported on glass
granules (diameter 3 mm) by the following method.
Glass granules were pretreated with diluted hydrofluoric
acid (5%, v/v) for 24 h and washed thoroughly with distilled water, making a rough surface for better contact of
zinc oxide thin film on it. Zinc oxide binary sol was added to
the glass granules placed in a funnel, and the excess of it
was removed. Then, the glass granules were subsequently
placed in the furnace and pre-heated at 275 °C for 10 min,
and then post-heated at 450 °C for 1 h. The deposition
was repeated for 3 times to obtain the desired film thickness [16, 17]. The structure and crystalline size were
determined by XRD diffraction (Bruker D8 Advance X-ray
diffractometer: Cu kα radiation). X-ray diffraction shows
zinc oxide structure with c-axis orientation (002) [14].
The surface of the films was observed by scanning electron
microscopy (SEM) with a Philips XL30 [17].
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The photo-catalytic decolorization experiments were
carried out in a simple oxidation reactor, placed in a 25 °C
water-bath. Glass granules (5 g) was placed in 5 layers within 25 ml of 25 ppm dye solution and was irradiated with
four 8W lamps (Philips; 365 nm) being 5 cm above the
solution. For pH adjustment 0.01 M NaOH and HCl solutions were used. Concentration was measured spectrophotometerically (Perkin Elmer, Lambda 25). In all experiments,
25 ml of 25 ppm dye solutions were used with stirring
during the irradiation.
3. RESULTS AND DISCUSSION
Evaluation of the glass granules coated with nanosized zinc oxide as potential photocatalyst for water
pollutant purification was based on the decolorization of a
dye. Figure 1 shows the decolorization of MO (25 ppm)
under UV irradiation (365 nm) on glass granules coated
with nano-sized zinc oxide (5 layers) at neutral (A), alkaline (B) and acidic (C) pH, respectively.

(A)

As shown in Figure 1, in all media, the dye is decolorized in argon and nitrogen better than air and oxygen. It
was found, in spite of aerobic and oxygenated atmosphere, that the dye is oxidized under them; although slow,
the titled dye is degraded non-oxidatively faster under
argon and nitrogen. For evaluating the photodegradation
rates under the above conditions, the kinetic investigation
was performed based on the concentration-time data in
Figure 1. Generally, photo-degradation of dyes obey from
first order reactions if the plots of ln(C0/Ct) versus time
are straight-forward lines. For this mean for the three
above pH values, the plots of ln(C0/Ct) versus time were
sketched as illustrated in Figure 2. The behaviors of plots
at all conditions were found to be linear after notable
initial decrease (after 10 min) that may be due to adsorption of dye on catalyst surface. The decrease in concentration after 10 min may be attributed to photo-degradation.
The rate constants derived for natural pH (Figure 2A)
were 0.0009, 0.0022, 0.0008 and 0.0021 mg/L min-1 under air, argon, oxygen and nitrogen, respectively. These
values suggest faster degradation under argon and nitrogen atmospheres. The rate constants evaluated
(B)

(C)

FIGURE 1 - Residual concentration of MO (25 ppm) in de-ionized water after photocatalytic decolorization under UV irradiation in neutral
(pH 7) (A), alkaline (pH 10) (B), and acidic (pH 5) (C) media under various atmosphere conditions.
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(A)

(B)

(C)

FIGURE 2 - ln(C0/Ct) versus time (min) for photocatalytic decolorization under UV irradiation in neutral (pH 7) (A), alkaline (pH 10) (B),
and acidic (pH 5)(C) media under various atmosphere conditions.

for alkaline media (Fig. 2B) were found to be 0.0006,
0.0017, 0.0016 and 0.0018 mg/L min-1 under air, argon,
oxygen, and nitrogen, again, indicating faster decolorization under atmospheres of argon and nitrogen. Finally, the
rate constant values of acidic media (Fig. 2C) were obtained as 0.0007, 0.0006, 0.0006 and 0.0005 mg/L min-1,
being very similar to each other suggesting nearly similar
decolorization rates in all types of atmosphere.

were found to be fitted well to first order model at all
atmospheres, after 10 min from initiation of the reaction.
Kinetics of decolorizaton was investigated, and first-order
kinetic rate constants were evaluated for all conditions.
The results showed that the ZnO nanoparticles loaded on
glass granules would provide a new alternative route as
suitable photocatalyst for wastewater treatment in various
media and atmospheres. Easy preparation, handling and
separation of the photocatalyst from solution are some
additional advantages of this system.

4. CONCLUSIONS
In this work, the photocatalytic activity of nano-sized
zinc oxide thin film on glass granules, in various atmospheres (air, nitrogen, oxygen, argon), was investigated.
The titled dye was decolorized by use of this photocatalytic system in all three media (natural, alkaline and acidic). Nearly in all media, argon and nitrogen atmosphere
have the best yields for photo-degradation. Among the
considered atmospheres and media, kinetics behaviors
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ORGANIC FERTILIZERS ON PLANT NUTRITION
AND ESSENTIAL OIL COMPONENTS OF BASIL
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ABSTRACT
In this study, green herb and drug herb yields of basil
(Ocimum basilicum L.) grown in organic and conventional
farming systems were examined. Primary plant nutrients,
total essential oil contents (%), and essential oil components were investigated as well. In the conventional system,
nutrient inputs included 15.15.15 and monopotassium phosphate (MKP) fertilizers, and in the organic system, nutrient
inputs included bone meal + zeolite (BM+Z) and rock
phosphate + zeolite (RP+Z). For conventionally grown
basil, the highest green herb yield was 1027.5 kg/da, and
the highest drug herb yield was 191.1 kg/da. Green herb
and drug herb yields were 872.6 kg/da in the MKP plots
under conventional farming and 196.3 kg/da in the bone
meal + zeolite plots under organic farming. Analysis of
primary plant nutrients showed that nitrogen and magnesium contents in the 15.15.15 fertilizer plots and phosphorus, potassium, and calcium contents in the MKP plots
were higher. Rock phosphate + zeolite was the forefront
application in the organic farming system. Essential oil
yields were highest in the 15.15.15 treatment in the conventional farming system and in the control plot in the
organic farming system. The most important essential oil
component in both farming systems was linalool.
KEYWORDS: Basil (Ocimum basilicum L.), organic farming,
conventional farming, essential oil

1. INTRODUCTION
Ocimum species of the Lamiaceae family are known
as “sweet basil” or “basil” in Turkey [1]. Ocimum species,
which contain more than 65 genera [2], are found throughout Asia, Africa, and Central America [3]. The species
Ocimum basilicum L. shows variations in morphological
characteristics [4,5] and chemical components [6]. This
species is widely used in spices, for pharmaceutical purposes, and in the food and perfumery industries because
* Corresponding author

of its precious essential oils and scent [7]. The essential
oils gained importance because of their antifungal [8],
insecticidal [9] and antioxidant [10] effects. In Turkey,
many medicinal and aromatic plants are collected from
nature. When increasing demands cannot be met by wild
harvest, these crops are cultivated to protect their quality as
well as natural vegetation. In this study, basil was grown in
different farming systems. Khalid et al. [11] reported that
organically grown basil has better growth characters and
total amounts of essential oils and flavonoids. Nitrogen (N)
fertilization and plant density are known to increase the
herbage and essential oil yields of basil but to decrease the
essential oil ratio [12]. Anaç and Çiçekli [13] and Esetlili
et al. [14] found that organically and conventionally
grown basils differentiate based on several features. They
reported that the N content of organically and conventionally produced basil varies between 2.00 and 2.13%, phosphorus (P) content varies between 0.57 and 0.62%, potassium (K) content varies between 1.013 and 1.090%, calcium (Ca) content varies between 0.950 and 1.018%, and
magnesium (Mg) content varies between 0.31 and 0.38%.
Similar results were obtained for drug yields in both farming systems. Total amounts of essential oils were higher
in organic basil than in conventional basil.
The important essential oil components in basil that
are used for pharmaceutical purposes are linalool (60.7676.46%), 1,8-cineole (7.44-16.46%), and eugenol (4.4112.91%) [12]. Ekren et al. [15] stated that in 2007, green
herbage yield varied between 642.2 and 3901.2 kg/da, and
drug herbage yield varied between 116.6 and 942.1 kg/da;
and that in 2008, green herbage yield varied between
568.9 and 3256.0 kg/da, and drug herbage yield varied
between 92.0 and 558.8 kg/da. Erşahin [16] reported a
green herbage yield of 421-3197 kg/da, dry herbage yield
of 54.7-339.3 kg/da, and essential oil yield of 0.49-1.25%.
In this study, basil was cultivated and grown by applying different organic and chemical fertilizers. Our goal
was to determine the potential differences between organic and conventional basil farming and to determine the
effects of both farming systems on several quality parameters.
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2. MATERIALS AND METHODS
In 2011, basil was grown in organic and conventional
farms in Aydın–Kuşadası, Turkey, for 2 consecutive years.
A randomized complete block design with 3 replications
was created; plot size was 20 m2, and a 30-cm side margin
was left between the plots. Inputs and combinations used
in the organic farming system were as follows: (1) bone
meal + zeolite (BM+Z), (2) rock phosphate + zeolite
(RP+Z), and (3) control; inputs and combinations used in
the conventional farming system were as follows: (1)
15.15.15, (2) monopotassium phosphate (MKP, 52% P2O5
and 34% K2O), and (3) control (Table 1). After applying
the fertilizers to the experimental plots, the soil was discharrowed, and basil seedlings were transplanted to the
plots on 02/05/2011.
In the conventional farming system, the required
amounts of nitrogen, phosphorus, and potassium (NPK),
based on the results of soil analysis, were supplied initially by 15.15.15 and MKP fertilizers. The remaining NK
required was supplied by ammonium nitrate (NH4NO3 33%
N) and potassium sulfate (K2SO4 50% K2O) fertilizers.
Animal manure and sulfur were applied to each parcel in the organic experiment including the control since it
is a common cultural practice. Organic and natural inputs
and chemical materials permitted by the Organic Farming
Law were used in the combinations shown in Table 1,
below.
In the organic farming system, N was applied at 17
kg/da. P and K were applied based on results of the soil
analysis (Table 2); target yield; N, P, and K input contents; and P and K uptake in basil (100 kg/ha N, 40 kg/ha
P2O5, 120 kg/ha K2O), as mentioned above [16].

Basil was harvested twice during full-bloom periods.
For leaf analysis, fresh samples were collected from each
plot, washed with pure water, and dried in an oven at 6570°C until the last two weighing were equal. Dry weights
of the plant material were determined, and the material
was ground in a mill for the mineral/essential plant nutrients analysis. Results were evaluated on a dry matter
(65°C) basis. After drying the green herb samples in each
plot at 30°C in the shade, drug herb yields appeared. N
content was determined using a modified Kjeldahl method
[17], P content obtained by dry combustion was determined colorimetrical using the vanadomolybdophosphoric
acid yellow color method [18], and Ca flame photometer
and Mg were determined with an atomic absorption spectrophotometer [19] and [20]. The total essential oil
amounts in the drug yield samples were determined using
a Clevenger apparatus [21].
Statistical Analysis: The data were evaluated using
analyses of variance (ANOVA) procedures. Tukey’s
multiple range tests was used to test differences between
the mean heavy metal concentrations at different plant
parts at a significance level of p< 0.01.
3. RESULTS AND DISCUSSION
3.1 Mineral content

In the conventional basil farming system, the effect of
fertilization on primary plant nutrients (N, P, K, Ca, and
Mg) proved to be statistically significant. As shown in
Tables 3 and 4, N contents in the 15.15.15 plots under
conventional farming and in the RP+Z plots under organic farming were different from N contents in the other
applications. Total N contents (%) varied between 2.11 and

TABLE 1 - Inputs and amounts used in the organic and conventional farming plots
Organic farming plot input
Animal manure
Sulfur
Bone meal
Zeolite
Animal manure
Sulfur
Rock phosphate
Zeolite
Control
(Animal manure)
(Sulfur)

Amount
(tons/ha)
30
0.5
0.6
1
30
0.5
1
1
30
0.5

Amount
(kg/ha)
467.5
100
180

Conventional farming plot input
15.15.15
NH4NO3 (33% N)
K2SO4
Monopotassium phosphate (MKP)
NH4NO3 (33% N)
K2SO4 (50% K2O)

134.5
242
228

Control
(Unfertilized)

TABLE 2 - Physical and chemical characteristics of the experimental soils (0-30 cm)
pH

CaCO3
Total soluble salt Organic
(%)
(%)
(%)
Organic farming
7.81
30.0
0.027
2.04
Conventional farming 7.60
19.9
0.033
0.82
P: water extractable P by the Bingham; K:1N NH4OAc pH=
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matter Texture
Class
loam
loam

N
(%)
0.16
0.09

P
(mg/kg)
8.38
2.17

K
(mg/kg)
146
104
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2.70% in the conventionally grown basil and between
2.21 and 2.39 % in the organically grown basil. Golcz et
al. [22] and Anaç and Çiçekli [13] stated that the N content of basil may vary depending on the species and the
dose of N fertilizer. P contents varied between 0.45 and
0.67 % in the conventionally grown basil and between 0.45
and 0.74 % in the organically grown basil. The amounts of
P in the MKP application under conventional farming and
in the RP+Z application under organic farming were
higher than amounts in the other two applications. Results
showed that P contents were similar in both farming systems and in parallel with values given by Anaç and Çiçekli
[13], Özcan et al. [23] and Özcan and Akbulut [24]. K
contents varied between 3.07 and 3.32 % in the conventionally grown basil and between 2.48 and 3.59 % in the
organically grown basil. The amounts of K in the 15.15.15
plots under conventional farming and in the RP+Z plots
under organic farming were higher than amounts in the
other two applications. Seidler-Łożykowska et al. [25] and
Dzida [26] stated that the K content of basils may vary
depending on the soil structure and type of cultivation. Ca
contents varied between 1.66 and 2.21 % in the conventionally grown basil and between 1.74 and 2.46 % in the
organically grown basil. Ca values in both farming systems were lowest in the controls. The amounts of Ca in
the MKP application under conventional farming and in
the BM+Z plots under organic farming were different
from amounts in the other applications. In a study of basil
CaCO3 applications, Dzida [26] determined that Ca contents ranged from 2.13 to 2.46 %. In addition, zeolite is
known as a Ca- and P-rich input [27]. Mg contents ranged
from 0.36 to 0.37 % in the conventionally grown basil
and from 0.32 to 0.36 % in the organically grown basil.
Results of the study found that Mg contents of basil
grown under conventional and organic conditions are
similar, Anaç and Çiçekli [13] reported parallel results.
TABLE 3 - Concentration of primary plant nutrients in conventionally grown basil
Conventional
experiment
15.15.15
MKP
Control

N (%)

P (%)

K (%)

Ca (%)

Mg (%)

2.70a
2.31b
2.11c

0.51b
0.67a
0.45c

3.32a
3.27a
3.07b

2.01b
2.21a
1.66c

0.37a
0.36ab
0.36ab

TABLE 4 - Concentration of primary plant nutrients in organically
grown basil
Organic
experiment
BM+Z
RP+Z
Control

N (%)

P (%)

K (%)

Ca (%)

Mg (%)

2.24b
2.39a
2.21b

0.58b
0.74a
0.45c

3.22a
3.59a
2.48b

2.46a
2.04b
1.74c

0.32b
0.36a
0.32b

plots. Our results agree with those reported by [4, 28].
Genus, growing system, and harvest time are factors that
might affect linalool content. 1,8-Cineol contents ranged
from 5.98 to 6.76 % in the conventionally grown basil
and from 6.98 to 7.68 % in the organically grown basil.
Values in both farming systems were highest in the controls. Previous studies indicate that these results were
caused by the synthesis of secondary metabolites such as
essential oils because of a lack of primary metabolites
under stress conditions [29,30], which can be supported
by the value [31] determined during the flowering period.
Geraniol contents ranged from 3.92 to 4.55 % in conventionally grown basil and from 4.34 to 5.04 % in organically grown basil. We found that the control was more efficient in the conventional farming system [12] and that the
RP+Z application was more efficient in the organic farming system. Evaluation of basils based on eugenol contents showed variations ranging from 2.85 to 4.72 % under conventional conditions and from 2.32 to 3.32 %
under organic conditions [32,33]. Eugenol values were
higher in the MKP application under conventional farming and in the control under organic farming.
Different farming systems had different effects on the
total essential oil yield of basil. The essential oil yield of
conventionally grown basil varied between 2.32 and 2.75
% and was higher in the 15.15.15 application than in the
other two applications. The essential oil percentage under
organic farming was between 2.25 and 2.40 % and was
higher in the control than in the other applications (Figures 1 and 2). Oil accumulation in essential oil plants may
vary depending on the ecology of the cultivation site [34],
genetic structure of the plant [35], development stages
[36], fertilization [37], and water stress [38]. As reported
by Jansen [40], essential oil contents could be higher in
the control group than in other applications.
As Akgül [28] and Jansen [40] emphasized, ecological factors have significant effects on the development of
basil. They indicated that morphological and chemical structures of plants with the same genotypes may show great
differences when the plants are grown in different locations
and different climates. Similarly, Anaç and Çiçekli, [13] and
Moghaddam [30] emphasized that essential oil contents
TABLE 5 - Effect of conventional fertilizers on essential oil components of basil
Conventional
farm
15.15.15
MKP
Control

Essential
(%)
2.75a
2.32b
2.70a

oil Linalool
(%)
76.30a
73.49c
74.12b

1,8Cineol
(%)
5.82c
5.98b
6.76a

Geraniol
(%)
4.45b
3.92c
4.55a

Eugenol
(%)
2.85c
4.72a
3.54b

TABLE 6 - Effect of organic fertilizers on essential oil components
of basil

3.2 Essential oil components

Results of the essential oil components analysis
showed that linalool ranged from 73.49 to 76.30% in the
conventionally grown basil and from 70.09 to 72.60% in
the organically grown basil. Tables 5 and 6 show that
linalool values were higher in the 15.15.15 and BM+Z

Organic farm
BM+Z
RP+Z
Control
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Essential oil Linalool
(%)
(%)
2.25b
72.60a
2.10c
70.33b
2.40a
70.09c

1,8 Cineol
(%)
6.98b
6.45c
7.68a

Geraniol
(%)
4.34c
5.04a
4.74b

Eugenol
(%)
2.32c
2.65b
3.32a
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FIGURE 1 - Essential oil and components conventional farming

FIGURE 2 - Essential oil and components organic farming

may vary depending on several factors, including plant
part, genus, mowing time, plant density, fertilizer type
and dose, and climate conditions.
3.3 Green herb and Drug herb yield

The highest green herbage yields were 1027.5 kg/da
in the MKP application under conventional farming and
872.6 kg/da in the BM+Z application under organic farming. Tables 7 and 8 show that the yields were low in the
controls. Drug herbage yields were in parallel with green
herbage yields Figures 3 and 4. In the MKP plots under
conventional farming, yield was 191.1 kg/da, and in the
BM+Z plots under organic farming yield was 196.3 kg/da;
these yields were higher than those in the other applications. Several other researchers [12, 15, 16] found similar
green herbage yields. In Germany, drug herbage yields
reported by Nacar [42] ranged from 150 to 300 kg/da.
Arabacı and Bayram [12] reported a drug herbage yield of
107.86 kg/da, and Erşahin [16] reported yields ranging
from 78.4 to 644.1 kg/da.
Studies showed that green herbage yields of basil
vary according to genotype, ecology, and farming activi-

ties. For basils, depending on the number of forms, higher
yields were reported in warmer regions [42], and lower
yields were reported in cooler regions [43]. In their studies
on the effects of different harvesting times on basil yield,
Telci [7] and Randhawa and Gill [44] stated that they
obtained a maximum dry herbage and maximum oil yield
from a harvest during the full-bloom period; that a delay
TABLE 7 - Green and drug herb yields of organically grown basil
Organic farm
BM+Z
RP+Z

Green herb yield
(kg/da)
872.6a
792.2b

Drug herb yield
(kg/da)
196.3a
169.2b

Control

595.5c

107.4c

TABLE 8 - Green and drug herb yields of conventionally grown basil
Conventional farm
15.15.15
MKP
Control
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Green herb yield
(kg/da)

Drug herb yield
(kg/da)

771.5b

119.8b

a

1027.5
400.8c

191.1a
103.1c
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FIGURE 3 - Relationship between yield and fertilizer in conventional farming systems

FIGURE 4 - Relationship between yield and fertilizer in organic farming systems

in harvest from the vegetative period toward full bloom
positively affected plant height, number of branches per
plant, and oil content and that the leaves contained more
essential oils than the flowers.
4. CONCLUSION
Results of an analysis of primary plant nutrients in
organically and conventionally grown basil were similar.
The effects of different fertilizers showed that 15.15.15
application was more efficient in the conventional farming system and that RP+Z application was more efficient
in the organic farming system. Although essential oil
contents were higher in the 15.15.15 application, the yield
from the MKP application was significantly high; thus,
the amount of oil obtained per unit (known as “total yield
of essential oil”) increased. A similar situation was observed in the BM+Z application in the organic plots. Of
the essential oil components, linalool was dominant in
both farming systems. In both green herbage yield and
drug herbage yield, the MKP fertilizer was more effective
in the conventional farming system and the BM+Z application was more effective in the organic farming system.
The MKP fertilizer was prominent because of its higher
rate of solubility and absorbability. In recent years, with

the growing demand on organic basils because of their
use as raw materials in natural herbal products and medicines, BM+Z combined with the standard practice of
animal manure and sulfur (S) applications is considered to
be important. The essential oil components in basil are
affected by different factors. Fertilization for a standard
plant material or herbal product should consider yield and
soil analysis results.
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INVESTIGATION OF PROCESS PARAMETERS
FOR THE REMOVAL OF DIMETHYL PHTHALATE FROM
AQUEOUS SOLUTIONS USING ELECTROCOAGULATION
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ABSTRACT
The feasibility of dimethyl phthalate (DMP) removal
from aqueous solution was investigated using iron electrocoagulation (EC). Several parameters, including type
of electrode pair, applied voltage, supporting electrolytes,
and solution temperature were investigated. The effects of
applied voltage, supporting electrolyte, and solution temperature on DMP removal efficiency and electric energy
consumption were also investigated. Experimental results
indicated that a Fe/Al electrode pair was the most efficient choice of the four electrode pairs tested in terms of
DMP removal efficiency. The optimum applied voltage,
supporting electrolyte concentration, and solution temperature were found to be 25 V, 300 mg L-1 NaCl, and 308
K, respectively. A pseudo-first-order kinetic model provided a good fit to experimental results at various applied
voltages and solution temperatures. In addition, the activation energy was calculated to be 38.99 J mole-1 based
on pseudo-first-order rate constants from the Arrhenius
equation, indicating that DMP precipitation in aqueous
solution was attributable to the EC process.

KEYWORDS: Electrocoagulation; dimethyl phthalate (DMP);
Electric energy consumption; Kinetics; Activation energy

1. INTRODUCTION
Phthalic acid esters (PAEs), known as dialkyl or alkyl
arylesters of 1, 2-benzenedi- carboxylic acid, are a group of
organic compounds that are commonly used in the industrial production. Their main applications are as plasticizers
for the production of polyvinyl chloride resins, cellulose
film coating and adhesives in order to improve the flexibility and softness of the plastic resin. Other applications
are in cosmetics, pharmaceuticals, building materials,
medical devices, food packing, insecticide carries and
* Corresponding author

propellants [1]. The current global productions including
manufacturing of household goods amount to several million tons per year, and such large utilization and production are leading to a considerable environmental migration of these compounds [2]. PAEs can enter the human
food chain and be known with their hazardous impact on
the environment and on humans due to their carcinogenic,
toxic and endocrine disrupting effects [3]. They also have
been classified as priority pollutants and endocrine-disrupting compounds by the United States Environmental
Protection Agency and several other countries [4]. Dimethyl phthalate (DMP), which is a short-chain ester with
two carboxyl groups on the aromatic ring, is used in cellulose-ester-based plastics and is a composition of paints,
adhesives, printing inks and coating [5]. DMP has been
recognized a crucial environmental pollutant and has been
commonly detected in natural ecosystems because of its
high mobility in the aquatic system. DMP is also an endocrine-disrupting chemical which may promote chromosome injuries in human leucocytes and interfere with the
reproductive system, making it as an aqueous pollutant of
concern in water and wastewater systems [6]. Therefore,
there is a growing interest in the development of a satisfactory treatment process for the removal of DMP from
aqueous solutions.
The general method for DMP removal from
wastewater is biological treatment, which is based on the
metabolic conversion of DMP into harmless end products
such as CO2 and H2O by microorganisms under aerobic or
anaerobic conditions [6]. However, several studies have
found that some phthalates with long alkyl-chains may be
refractory to biological treatment [4, 7]. In recent years, a
considerable amount of scientific work has focused on
chemical oxidation methods which provide the destruction of DMP, most of which has focused on photocatalytic degradation using titanium in aqueous suspension [8-10].
Other chemical oxidation studies related to the degradation
of DMP used methods such as Fenton and Photo-Penton
processes [4], ozonation with silica zeolite and UV radiation
[11], ozonation with Ru/Al2O3 catalyst [12], catalytic ozonation with TiO2/Al2O3 [13] and UV/H2O2 advanced oxi-
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dation process [14, 15]. However, there is scare research
on the development of an electrochemical treatment for
the removal of DMP.
Electrochemical method has attracted considerable attention because of its environmental compatibility. Electrons are considered a “clean reagent”. Thus, an electrocoagulation (EC) technology has been proposed to treat
wastewater containing dispersed fine particles without the
need for additional chemicals [16]. This technique has
some advantages as compared to conventional methods:
easier operation, simpler equipment, lower retention time,
lower sludge production, and better safety [17]. EC is a
process that generates metallic hydroxides in situ via electro-dissolution of a soluble sacrificial anode immersed in
the wastewater. The electrochemically generated metallic
ions hydrolyze near the anode to form a series of metal
hydroxides that are able to destabilize dispersed particles
present in the wastewater to be treated. The destabilized
particles are believed to be responsible for the aggregation
and precipitation of suspended particles and the adsorption of
dissolved pollutants. EC has emerged as a technique in treating potable water [18], laundry wastewater [19], metal
laden wastewater [20], dyeing wastewater [21], chemical
mechanical polishing wastewater [16, 22, 23], restaurant
waste-water [24], and wastewater containing salicylic acid
[25], phosphates [26], fluoride [27], indium [28, 29], arsenic
[30], and polyvinyl alcohol [31, 32].
Although EC has been applied for over a century, the
available literature reveals little studies on the removal of
DMP from aqueous solutions by EC. In the present study,
parameters such as type of electrode pair, applied voltage,
supporting electrolyte concentration, and solution temperature were investigated in terms of the DMP removal
efficiency. The effects of the three operational parameters
(applied voltage, supporting electrolyte, and solution temperature) on electric energy consumption (EEC) under the
optimum conditions were evaluated in this study. In addition, the kinetic constants for the removal of DMP in aqueous solution at various applied voltages and solution temperatures were determined. The activation energy of the
EC process was also calculated using a pseudo-first-order
kinetic model.
2. MATERIALS AND METHODS
2.1. Chemicals and apparatus

Dimethyl phthalate (DMP), with a chemical formula
of C10H10O4 purchased from Ferak (Berlin Germany), has
a molecular weight of 194.19 g mol-1, with purity of at
least 99%. Aqueous solutions containing DMP were prepared by dissolving an appropriate quantity of DMP in
deionized water for EC tests. The concentration of the supporting electrolyte was adjusted by adding of NaCl (Tedia
Company, USA). All of the chemicals used were at the
least reagent grade. The chemical reagents were prepared
by diluting with deionized water to obtain the desired con-

centrations. Fig. 1 shows a schematic diagram of the experimental apparatus and electrode assembly for the EC
system. The electrolytic cell was a 1 L glass reactor
equipped with a water jacket and a magnetic stirrer. The
temperature of the electrolytic cell was controlled by continuously circulating water from a temperature controlled
bath (Model BL-720, Taiwan). A magnetic stirrer bar
(Suntex, SH-301, Taiwan) spun at the center of the bottom of the reactor. Cast iron (Fe) and aluminum (Al) plates
(8×6×0.3cm3) were used as the anode and cathode. The
electrode pair was dipped into an aqueous solution of
DMP at a depth of 5.5 cm, with the two electrodes approximately 2 cm apart. The effective area of the immersed electrode pair was 31 cm2. Electrical voltage was
provided by a manually controllable DC power supply
(Fann-chern, GC50-20D, Taiwan) operating in the constant-voltage mode (range: 0–50 V). The DMP solutions
were characterized using a pH meter (Sartorius, Professional Meter PP-20, Germany) and by measuring their conductivity (Euteoh, Cyber Scan 510, Singapore).

FIGURE 1 - Apparatus of the electrocoagulation process
2.2. Procedure and analysis

Before each experiment, the electrodes were polished
with sandpaper to remove the scale build-up and then dipped
in a 3 N HCl solution at a depth of 5.5 cm for 10 min, and
then finally cleaned with successive rinses of deionized
water. During each test run, 0.5 L of aqueous solution containing DMP was placed into the reactor. Then, the magnetic stirrer was turned on and set at 300 rpm. The direct
current power source was operated with a constant voltage of 10, 20, 25, or 30 V. A constant temperature (288 to
318 K) was maintained by temperature controlled bath
through the water jacket. EC test runs lasted no more than
120 min in all experiments. At the end of EC, all samples
were centrifuged (Hsiangtal, Beginner's Economy Centrifuges, Taiwan) in a 15-mL centrifuge tube (set at 4000 rpm
for 1 h). After the EC treatment, the pH of the DMP aqueous
solution was measured with a pH meter. The DMP concentration in the aqueous solutions was determined using
a HPLC (Hitachi d-2000 elite software). A calibration
curve was obtained by plotting the absorbance value at
220 nm as a function of the DMP concentration. The DMP
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removal efficiency was calculated using the following
equation:

R (%) =

C0V0 − CtVt
× 100
C0V0

charge is applied. In the following, all EC experiments
were conducted using a Fe/Al electrode combination.

(1)

where C0 is the initial concentration in mg L-1, Ct is
the concentration value at time t in mg L-1, V0 is the initial
volume of the treated wastewater in liters, and Vt is the
volume of the treated wastewater at time t in liters.
3. RESULTS AND DISCUSSION
3.1. Type of electrode pair

In any electrochemical process, the electrode materials and the type of electrode pair are regarded as significant factors affecting the performance of the EC process
[33]. Therefore, an appropriate selection of the electrode
pair is of paramount importance. Iron and aluminum were
chosen as electrode materials because they were cheap,
readily available and proven effective. Four combinations
of iron and aluminum plates were investigated in this
study in order to determine the optimum electrode pair. In
Fig. 2, we show the effects of the electrode pair on the
DMP removal efficiency. Also shown in this figure are
the results for the iron anode and aluminum cathode that
had the highest removal efficiency after 120 min of electrolysis. The DMP removal efficiencies were approximately 72.3 %, 30.2%, 21.4 %, and 15.9 % for a Fe/Al,
Fe/Fe, Al/Al, and Al/Fe electrode pair, respectively. In
addition, the Fe/Al electrode pair gave the best DMP
removal efficiency, followed by the Fe/Fe, Al/Al, and
Al/Fe pairs. The DMP removal efficiencies for Fe/Al and
Fe/Fe pairs using Fe as the anode were greater than those
for Al/Al and Al/Fe pairs using Al as the anode. This can
be explained by the chemical reactions that take place at
the aluminum anode and the iron anode.
For the Al anode:

Al → Al 3+ + 3e −

(2)

For the Fe anode:

Fe → Fe 2+ + 2e −

(3)

The nascent aluminum and iron ions are very efficient
coagulants for the flocculation of particulates. From the
two reactions (2) and (3), we can calculate the electrochemical equivalent mass for Al and Fe. The electrochemical
equivalent mole for aluminum is 12.43 mmol (Ah)−1, and it
is 18.59 mmol(Ah)−1 for iron. Also, some researchers have
reported that the adsorption of dye molecules by hydrous
aluminum oxides is much lower than those using hydrous
ferric oxides [34]. Therefore, more coagulants are theoretically produced by iron anodes when the same electrical

FIGURE 2 - Effect of different electrode pairs on the removal efficiency of DMP. (initial pH 6.0, C0 = 100 mg L-1, t = 120 min, V= 20V,
T=298 K, d = 2 cm, NaCl = 300 mg L-1, agitation speed = 300 rpm)
3.2. Effect of applied voltage on removal efficiency and electrical energy consumption

In electrochemical processes, the applied voltage
strongly affects the performance of EC. A series of experiments were conducted with 100 mg L-1 initial DMP concentration, 300 mg L-1 NaCl concentration, 120 min of
electrolysis, 298 K, and a 300 rpm agitation speed. The
electric energy consumption (EEC) of wastewater treatment was evaluated to determine whether EC is economically viable for DMP removal from aqueous solution. Once
the required voltages and the corresponding currents were
obtained from the EC experimental tests, the amount of
energy consumed was estimated. The EEC (kWh kg-1)
was calculated as a function of time based on per-kg DMP
removal during EC at a constant voltage, using the following equation:
EEC =

∫ I × Udt

(C0V0 − CtVt ) × 216

=

U ∫ Idt

(4)

(C0V0 − CtVt ) × 216

where U, I, and t are the applied voltage (V), current
(A), and electrolysis time (min), respectively. In addition,
C0 is the initial concentration in milligrams per liter; Ct is
the concentration value at time t in milligrams per liter;
Vo is the initial volume of the treated wastewater in liters;
and Vt is the volume of the treated wastewater at time t in
liters. A reasonable removal efficiency and relatively low
EEC were determined below.
After 120 min of electrolysis, the DMP solutions
were treated using iron EC at applied voltages in the range
of 10 V to 30 V to determine the optimal removal efficiency and EEC. The results are shown in Fig. 3. As the applied voltage was increased, the DMP removal efficiency
also increased. At high voltages, the anode dissolution of
iron increases, which leads to an increase in the amount of
metal hydroxides and results in a large amount of precipitate and an improved DMP removal efficiency. This can
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be also explained by that a sufficient voltage through the
solution caused the metal ions generated by the dissolution of the sacrificial electrode to hydrolyze, forming a
series of metallic hydroxide species. These species neutralized the electrostatic charges on the dispersed particles
to reduce the electrostatic interparticle repulsion enough
for the van der Waals attraction to predominate, thus
facilitating agglomeration [35]. Here, it can be seen that
an increase in the applied voltage from 10 to 30 V led to a
dramatic increase in the DMP removal efficiency from
50.1 % to 92.2 %. When the applied voltage was increased from 10 to 25 V, the EEC increased significantly
by a factor of four, whereas the corresponding DMP removal efficiency increased from 50.1 % to 85.3 %. However, when the applied voltage was increased from 25 to
30 V, the EEC increased by almost 35 %, whereas the
corresponding DMP removal efficiency increased slightly
from 85.3 % to 92.2 %. Consequently, an applied voltage
of 25 V provides the optimum performance for the present EC system in that it results in reasonable removal
efficiency and relatively low EEC.

FIGURE 3 - Effect of applied voltages on the removal efficiency of
DMP and electric energy consumption (initial pH = 6.0, C0 = 100 mg L-1,
t = 120 min,T = 298 K, d = 2 cm, NaCl = 300 mg L-1, agitation speed
= 300 rpm)

supporting electrolyte on the removal efficiency and the
EEC during the EC process. As the concentration of the
supporting electrolyte increased, the DMP removal efficiency was improved. After 120 min of electrolysis and
when the concentration of the supporting electrolyte was
increased from 100 to 200, 300, and 500 mg L-1, the removal efficiency increased from 19.4% to 71.9%, 88.2%,
and 96.1%, respectively. This was likely due to the Cl－
anions that destroy the passivation layer of the electrode
and catalyze its dissolution material via a pitting corrosion
phenomenon, which is a type of localized corrosion caused
by a high chloride concentration in the solution [36]. The
de-passivation effect was more significant when more Cl
anions were added to the solution. Therefore, we thought
that the EC in the presence of NaCl could improve the
DMP removal efficiency by increasing the availability of
metal coagulants in the solution and by leading to a reduction of the oxide layer and an enhancement of the anodic
dissolution of the electrode material. Consequently, the problem of electrode passivation was partially solved when NaCl
was used as a supporting electrolyte. As also shown in Fig. 4,
the DMP removal efficiency increased from 19.4 % to
88.2 % after 120 min of electrolysis, whereas the supporting
electrolyte concentration increased from 100 to 300 mg L-1
and the corresponding EEC was decreased by almost 35 %.
This can be explained by the fact that higher concentrations of supporting electrolyte most certainly lead to an
increase in solution conductivity, so the current required
to reach a certain applied voltage diminishes, decreasing
the consumed electrical energy. However, there was a significant upward trend for the EEC when the concentration
of the supporting electrolyte was above 300 mg L-1. When
the concentration of the supporting electrolyte was increased from 300 to 500 mg L-1, the removal efficiency
was slightly increased from 88.2% to 96.1%, whereas the
corresponding EEC was increased by almost 53 %. Consequently, a NaCl concentration of 300 mg L-1 provides the
optimum conditions for reasonably good removal efficiency
at relatively low EEC.

3.3 Effect of supporting electrolyte concentration on removal
efficiency and electrical energy consumption

The solution conductivity increases with increasing
supporting electrolyte concentrations, so that the current
passing through the circuit increases for the potentiostatic
mode [36]. Therefore, the conductivity of the solution is a
significant parameter in an electrochemical cell. The most
commonly used method to overcome this drawback is the
addition of a small amount of electrolyte, which increases
the electrical conductivity of the solution. Any electrochemical treatment requires the presence of salts as a
supporting electrolyte to make the solution more conductive. In the present study, sodium chloride (NaCl) was
used as a supporting electrolyte to increase the solution
conductivity and thus reduce the EEC. The concentration
of the supporting electrolyte was adjusted to the desired
levels by adding a suitable amount of NaCl to the aqueous
solution containing DMP. Fig. 4 indicates the effect of the

FIGURE 4 - Effect of supporting electrolyte concentration on the
removal efficiency of DMP and electric energy consumption.(initial
pH 6.0, C0 = 100 mg L-1,V = 25 V, t = 120 min, T = 298 K, d = 2 cm,
agitation speed = 300 rpm)
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3.4 Effect of temperature on removal efficiency and electrical
energy consumption

To investigate the effect of solution temperature on the
EEC and on the DMP removal efficiency, several experiments were performed after 120 min of electrolysis with
the Fe/Al electrode pair, 100 ppm initial DMP, 300 mg L-1
NaCl, 25V applied voltage, and 300 rpm agitation speed.
The solution temperature of the DMP aqueous solution
was controlled to the desired level (288 K, 298 K, 308 K,
and 318 K) by a water jacket from a thermostatic circulating bath. Fig. 5 shows the effect of solution temperature
on the performance of DMP removal efficiency and on
the EEC after 120 min of electrolysis using iron EEC.
When the solution temperature was increased, the DMP
removal efficiency was also increased. Thus, the electrochemical reaction rate, as the other chemical reaction
rates, increased with increasing solution temperature. The
temperature influence can be attributed to an improved
destruction of the iron oxide film on the anode surface
and an increase in the rate of all reactions involved in the
process according to the Arrhenius equation [37]. In addition, higher temperatures promote the generation of iron
hydroxides formed in the EC process, which leads to a
greater mobility and more frequent collisions with the
iron hydroxides, resulting in an increased adsorption rate
between the iron hydroxides and the pollutants [38]. However, little improvement in the DMP abatement rate after
120 min of electrolysis was observed when the solution
temperature was increased from 308 K to 318 K. This
could be explained by the fact that higher temperatures
most certainly lead to an increase in the solubility of the
precipitates or to the generation of unsuitable flocks, which
represents an adverse effect [39]. According to the present
results, it seems that within the temperature range of 288 to
308 K, the beneficial effects dominate over the adverse
effects. For solution temperatures higher than 308 K, the
beneficial effects are balanced by the adverse effects.

FIGURE 5 - Effect of temperature on the removal efficiency of
DMP and electric energy consumption. (initial pH 6.0, C0 = 100 mg
L-1, V = 25 V, t = 120 min, NaCl = 300 mg L-1, d = 2 cm, agitation
speed = 300 rpm)

As shown in Fig. 5, the EEC values decreased by almost 26 % when the solution temperature was increased

from 288 K to 308 K, whereas the corresponding DMP
removal efficiency increased from 58.1 % to 95.2 %. However, beyond a solution temperature of 308 K there was an
upward tendency for the EEC. When the solution temperature was increased from 308 K to 318 K, the EEC increased significantly by almost 23 %, whereas the corresponding DMP removal efficiency increased slightly from
95.2 % to 98.1 %. Consequently, considering both the EEC
and the DMP removal efficiency, a temperature of 308 K
offered the best compromise, providing reasonable DMP
removal efficiency and relatively low EEC values.
3.5 DMP removal kinetics of electrocoagulation

The overall EC process in DMP removal kinetics is
described by a pseudo-kinetic model in which the rate
constant depends on the applied voltage and temperature.
This model provides preliminary data for evaluating the
reaction rate constants. In the present study, two different
kinetic models, namely, the pseudo-first-order model and
pseudo-second-order model were applied to describe the
kinetics of the DMP removal in aqueous solutions by EC.
For a pseudo-first-order reaction, the reaction kinetics
is:

ln(

Ct
) = − k1t
C0

(5)

The slope of the plot of ln(C t / C 0) versus time gives
the value of the rate constant k1 (min-1). Here, C0 is the
initial concentration in milligrams per liter, Ct is the concentration value in milligrams per liter at time t, and t is
the time in minutes.
For a pseudo-second-order reaction, t the reaction kinetics is:

1
1
−
= k 2t
Ct
C0

(6)

The slope of the plot of 1/ Ct versus time gives the
value of the rate constant k2 (L mg-1 min-1). The values of
k with pseudo-first-order and pseudo-second-order models
for DMP removal for various applied voltages and temperatures were determined graphically; they are shown in Table1 and Table 2, respectively. The conformity between
experimental data and the model values was evaluated
using correlation values (R2). As shown in Table 1, regardless of the applied voltage, the R2 value for the pseudo-firstorder model was relatively higher than that for the pseudosecond-order model. The first-order kinetic model fits well
with the observed data for applied voltage in the EC process. When the applied voltage was increased from 10 to
30 V, the pseudo-first-order rate constant increased significantly. As shown in Table 2, regardless of the solution
temperature, the correlation value (R2) for the pseudofirst-order model was relatively higher than that for the
pseudo-second-order model. When the solution temperature was increased from 288 K to 318 K, the pseudo-first-
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order rate constant also increased significantly. These
results suggest that the DMP removal from aqueous solution by iron EC follows a pseudo-first-order kinetic model
at various applied voltages and solution temperatures.
TABLE 1 - Kinetic rate constants with pseudo-first-order and
pseudo-second-order models for dimethyl phthalate removal at
various applied voltages
Applied
voltages
10V
20V
25V
30V

Pseudo-first-order model Pseudo-second-order model
k1×103 (min-1)
R2
k2×103 (L mg-1 min-1)
R2
5.8
8.3
15
21.1

0.98
0.95
0.96
0.92

0.1
0.1
0.4
1.2

0.96
0.86
0.64
0.61

TABLE 2 - Kinetic rate constants with pseudo-first-order and
pseudo second-order models for dimethyl phthalate removal at
various temperatures
Temperature
(K)
288K
298K
308K
318K

Pseudo-first-order model Pseudo-second-order model
k1×103 (min-1)
R2 k2×103 (L mg-1 min-1) R2
8.2
15
25.3
38.1

0.95
0.96
0.97
0.98

0.1
0.4
1.3
5.4

0.93
0.84
0.91
0.69

The rate of a reaction depends on temperature. To
understand the relationship between temperature and the
rate of a reaction, we assume that the rate constant depends on the temperature of the reaction. The pseudo-firstorder rate constant is expressed by the Arrhenius equation.

⎛ − Ea ⎞
k = A exp⎜
⎟
⎝ RT ⎠

(7)

Where A is the proportionality constant of the reaction, Ea is the activation energy (J mole-1), R is the gas
constant (8.314 J mol-1 K-1), and T is the temperature (K).
The Arrhenius equation can be used to determine the
activation energy of a reaction. We start by taking the
natural logarithm of both sides of equation (7):

ln k = ln A −

Ea
RT

(8)

According to this equation, a plot of ln k versus 1/T
should produce a straight line with a slope of –Ea/R, as
shown in Fig. 6. An activation energy of 38.99 J mole-1
was calculated using the slope of the fitted equation
(least-squares correlation coefficient = 0.995).

FIGURE 6 - Pseudo-second-order kinetic rate constant versus
reciprocal of temperature in absolute scale (initial pH 6.0,
C0=100mg L−1, V=25 V, t=120 min, NaCl=300mg L-1, d=2 cm, agitation speed=300 rpm).

4. CONCLUSIONS
The results of this study indicate that EC is a promising treatment process for the removal of DMP from aqueous solution. The removal efficiencies of DMP were approximately 72.3 %, 30.2%, 21.4 %, and 15.9 % for the
Fe/Al, Fe/Fe, Al/Al, and Al/Fe anode/cathode pairs, respectively. The Fe/Al electrode pair constitutes the best
choice of electrode out of the four combinations tested in
this study. The addition of 300 mg L-1 NaCl as a supporting electrolyte was regarded as the optimum value,
providing reasonable removal efficiency at relatively low
EEC; with the same considerations, an applied voltage of
25V and a solution temperature of 308 K were found be
the optimum values for the present EC system. The experimental results indicate that the kinetics of DMP removal
can be described by the pseudo-first-order model. Values
of the kinetic rate constants for DMP removal at various
applied voltages and solution temperatures were calculated. The kinetic results show that a pseudo-first-order
kinetic model fit the experimental data. In addition, the
value of activation energy was calculated to be 38.99 J
mole-1 based on pseudo-first-order rate constants from the
Arrhenius equation, indicating that DMP removal from
aqueous solution is attributable to the EC process.
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ABSTRACT
Island stream ecosystems, in contrast to continental lotic
systems, have been poorly studied in the Mediterranean.
Following the Water Framework Directive (2000/60/EC)
process, we applied harmonized European methods for the
ecological status assessment of the streams on Samothraki
Island. Located in the northern Aegean Sea (Greece),
Samothraki has a steep relief dominated by a high mountain
massif and significant erosion. Stream corridors are characterized by a high degree of naturalness, waterfalls and
remarkable rock-pools often buffered with ancient riparian
woodlands. Benthic macroinvertebrates and environmental
data were collected in 1999, 2002, 2011 and 2012 from
four streams, while chemical quality analysis was conducted
for cold and hot springs. The results of stream water analysis
revealed that all sites exhibit good to high chemicalphysicochemical quality. Overall, low stream water conductivities were recorded due to the siliceous substrate.
Higher major ion, nitrate and nitrite levels during high flow
periods were attributed to flashing processes, whereas
higher ammonia and phosphate levels in summer were
due to natural (organic matter mineralization in pools) and
semi-natural pressures. Cold springs revealed good drinking water quality, while hot springs (used for curative
drinking purposes) exceeded drinking water quality
standards. Regarding bioassessment, stream sites varied
from good to high quality, apart from one that varied from
good to moderate. The unique physical character of Samothraki with perennial and intermittent running waters
along with rather homogenous alternating mesohabitats
(i.e. riffles, rock-pools, bedrock) requires the development
of a specific methodological approach for ecological status
assessment.

* Corresponding author

1. INTRODUCTION
The European Water Framework Directive (WFD)
requires establishing type-specific references conditions
and monitoring using biological quality elements. Many
biological indices which have been developed using macroinvertebrates have focused on continental temperate
surface waters, usually in large river basins. Freshwater
systems of the Mediterranean islands present many differences in contrast to continental surface waters. Specifically, island streams are characterized by extreme seasonality, distinctive habitat types, and reduced abundances of
macroinvertebrates [1, 2]. Thus, the existing assessment
systems may not reflect the actual quality in these aquatic
ecosystems [3]. Failure to adapt the existing indices is
probably due to the absence of some high scoring families and the reduced abundance [4, 5]. Therefore, island
streams may require the development of indices that
satisfy these distinctive Mediterranean insular conditions
[6, 7]. Samothraki is a unique island in the northeastern
Aegean Sea, with seemingly pristine natural valley features
and numerous perennial streams flowing through deep
ravines with impressive waterfalls and pools bordered by
remarkable riparian woodlands. Few islands in the Mediterranean provide near-natural conditions with extensive lotic
ecosystems for study; insular Mediterranean systems, are
generally poorly studied. Samothraki has attracted our scientific interest and its water resources have received periodic
research visits for more than a decade.
Herein, we analyze all available data and critically present results related to ecological quality assessment according to the demands of the WFD 2000/60/EC.

KEYWORDS:
Ecological quality, island streams, springs, Samothraki

2. MATERIAL AND METHODS
2.1 Study area
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Samothraki Island is located in the northeastern Aegean Sea (Thraki, Greece), 45 km south of the Greek
coastal city of Alexandroupolis (Fig. 1). It covers an area
of 178 km2 and has a high-gradient relief and an ellipsoid
shape. The name of the island (Samo-Thraki) means
“high” Thraki (i.e. Thrace). The highest point on the island is Mt. Saos peaking at 1611 m a.s.l.; this is one of the
highest peaks in the insular Aegean, after the much larger
islands of Crete and Euboea. The island presents very steep
slopes, ranging between 15o and 30o, with high denudation
rates and linear, deep erosion, whereas the morphology of
stream terraces reveal the continuing tectonic rise of Mt.
Saos [8, 9]. Samothraki has a high biodiversity value with
1534 plant species, among them 15 endemic and rangerestricted ones [10]. The island’s ravines have impressive
riparian woodlands, particularly dominated by Oriental Plane
(Platanus orientalis), with many “ancient trees”, many of
which are centuries old. Regarding its general morphology,
the island may be divided into two regions (a northeastern
and a southwestern region). The first one consists of humid
climatic conditions, steep slopes, extensive woodlands and
dense shrublands. The second has drier climatic conditions, extensive rocky slopes, and substantial agricultural
lands, mainly olive groves [9]. In addition, there are several extensive highland areas with sparse or nearly no
vegetation (bare soil and rock), and these bare areas dominate the mountain peaks and the drier eroded valleys of
the southwest. The existence of these areas is due to high
rates of erosion that is enhanced by anthropogenic deforestation from woodcutting, wild fires, and livestock overgrazing. The island’s small streams flow usually rather
abruptly to the sea but in several lowland areas, wetland
habitats are formed. Eleven very small wetlands, including
four coastal lagoon systems are documented on the island’s coasts [11], but this inventory is not a complete
review of all wetland habitat sites on the island [10].
The climate of the island is of a Mediterranean type
but strongly influenced by humid sub-mediterranean and
continental winters due to the island’s geographical position near the Thracian Landbridge between the Southeast
Balkans and the Black Sea. Winters bring rain and snow,
and summers are relatively hot and dry. The mean annual
rainfall for the period 1986-2008 was 605 mm [12, 13].
The geology of the island is composed of a Jurassic –
Upper Cretaceous basement unit (3% of the island’s area)
consisting of low grade metamorphosed sedimentary and
volcanic rocks, and a Cretaceous 'ophiolitic complex' (31%
of the island’s area), partially intrusive into the 'basement
unit'. Both units are locally un-conformably overlaid by
unmetamorphosed Tertiary sedimentary and volcanic rocks
(Upper Eocene-Lower Miocene) (8% of the island’s area)
that can mainly be found in the western and eastern part
of the island. The south-central part of Samothraki is covered by granite (26% of the island’s area) that intruded into
the Ophiolite complex during the Miocene. The youngest
successions on the island are marine sediments of Pliocene age and Quaternary deposits (32% of the island’s
area), which occur around the peripheral parts of the is-

land. At the last glacial maximum (21,500 years BP), when
the sea level was 120 m lower than present, Samothraki
Island constituted a high mountain of 1731 m connected
to the mainland [14-16]. The island is rich in both springs
and streams but an inventory of all stream reaches and
springs has never been completed. Springs are fed by low
potential aquifers that are developed within faults or
weathering zones in volcanic rocks and in quaternary
sediments [14]. As a result of the geological and tectonic
settings of the island, hot springs with water temperatures
of 35-58 oC occur in the island, particularly in the Therma
area [17], within the Tsivdogiannis stream basin. The
hydrographic network of the island is mainly developed
on hard substrate (ophiolites and granites) and presents a
radial form. Some of the larger river basins, such as Fonias, present a dendritic hydrographic network [8]. Only
in the SW part of the island, streams flow through recent
sedimentary series. The development of the network started
in Miocene synchronously with the granite intrusion that
upraised Mt. Saos [8]. Steep slopes and high runoff, in
combination with tectonic uplift movements, have created
ravines with impressive waterfalls, commonly followed
by small plateaus with long pooling waters (locally
known as “vathres” = deep pools). Highly eroding badland
features are widespread but restricted in extent. During the
winter, streams flow rapidly, transporting large quantities
of mainly coarse sediments. In summer, the flow is reduced and most of the streams, such as Xiropotamos and
Gria Vathra, do not flow to the sea thus having an intermittent flow pattern in their lowermost reaches.
Samothraki has a low human population density and
few anthropogenic alterations in the uplands. The island
sustains 16 small settlements with 2,840 residents; most
settlements are below 150m elevation. Human pressures,
such as domestic solid and liquid waste discharge, landuse change and livestock farming, have only local impacts, primarily at low elevations. Nutrients derived from
agricultural crops are restricted, due to the limited extent
of agricultural areas. Hence, the most widespread pressure
in Samothraki is livestock grazing, mostly represented by
free grazing goats. Water abstraction for small scale irrigation, livestock production, urban use and tourism locally
affect stream hydrological regimes.
Four small stream basins were investigated in this
study; Gria Vathra (basin area: 5.3 km2), Fonias (9.5 km2)
and Agkistros (6.9 km2), in the northeastern part of the
island; and Xiropotamos (16.1 km2) in the southwest.
Apart from Fonias basin, small settlements are found in
Xiropotamos (50 residents, 115 m a.s.l.), Gria Vathra (73
residents, 50 m a.s.l.) and Agkistros (52 residents 100 m
a.s.l.) basins. The largest percentage of land-use in
Agkistros (94.3%), Xiropotamos (79.8%), Fonias (70.2%)
and Gria Vathra (54.2%) basins is occupied by grazed
scrubland (termed “grasslands” in Corine Landcover).
Regarding geology, Xiropotamos and Gria Vathra basins
are dominated by ophiolites (56.8% and 70.1% of the
basin area, respectively), Fonias basin mainly consists of
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granites (81.7%), while Quaternary sediments (36.2%)
predominate in Agkistros stream basin. Two sampling sites
were selected along Xiropotamos (X1 and X2), Gria
Vathra (GV1 and GV2) and Fonias (F1 and F2), and one
along Agkistros (AG) streams (Fig. 1). Also, samples
from four cold springs, Palaeopolis (PAL), Kariotes (K),
Paraga (P), Agios Georgios (A.G.), and two hot springs at
Therma, i.e. T(A) and T(B), were examined (Fig. 1). Field
campaigns were carried out during summers and winters
of 1999, 2002, 2011 and 2012.
2.2 Environmental and Biological Data

A preliminary assessment of the ecological quality of
the sites examined was carried out based on chemicalphysicochemical quality elements and macroinvertebrate
fauna. Benthic macroinvertebrate samples were collected
from all stream sites. The collection of macroinvertebrates
was performed by 3-min kick and sweep [18] plus one min
of scanning the riparian vegetation where it existed [19,
20], and with the STAR-AQEM methodology. A hand net
with mesh size of 0.09 cm, which follows ISO 7828:1985,
renamed EN 27828 1994 [21], was used. Macroinvertebrate
identification to the lowest possible taxonomic level was
conducted using a stereoscope (Novex Holland Model
65.560 RZT-SF) and various identification keys [22-25].
Environmental variables, such as altitude, width and
depth of the stream, current velocity, riparian vegetation
and stream’s substrate composition for each site, were
also recorded. Water samples for major ions and nutrient
laboratory analyses were collected, along with in situ
measurements of physicochemical parameters (water
temperature, dissolved oxygen, pH and conductivity) for

both stream and spring (cold and hot) sites. Finally, heavy
metal analysis was performed for the thermal springs.
Some of the values were compared with the thresholds
according to Υ2/2600/2001 (Drinking Water Standards)
[26] and M.D. 4813/98 (Irrigation Standards) [27].
2.3 Data analysis

Biotic indices, i.e. BMWP, IBMWP, ASPT,
STAR_ICMi, EQR_STAR_ICMi and HES, were applied
in order to assess the biological quality of each sampling
site. To classify the chemical-physicochemical quality of
the sites, the Nutrient Classification System (NCS) was
applied for nutrients, which has been developed for Greek
streams [28], and the Norwegian system regarding dissolved oxygen [29]. Hierarchical clustering was applied in
order to identify the similarities in macroinvertebrate assemblages among seasons and years. To identify if there
are differences in the macroinvertebrate community structure among seasons and years, a 1-way ANOSIM test was
applied. The results are expressed with a value of R which
ranges usually between 0 and 1, indicating a differentiation degree between the sites [30]. R is close to zero, if
the null hypothesis is proven true, when there are no differences between different groups. R is 1 when all repetitions in the sites of a group are so similar to each other
than with the other sites.
To examine the association of macroinvertebrate assemblages with environmental variables, an indirect gradient analysis was performed. Initially, Detrended Canonical Correspondence Analysis (DDCA) was applied. This
analysis aims to check if biological data respond linearly in

FIGURE 1 - Map of study area that presents the stream basin with the hydrographic network of each stream and the selected sampling sites.
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Stream basins: Gria Vathra (GV):, Fonias (F), Agkistros (AG) and Xiropotamos (X), Cold springs: Palaeopolis (PAL), Kariotes
(K), Paraga (P) and Agios Georgios (A.G.), Hot springs: Therma (T)

3. RESULTS

the theoretical environmental variables which are manufactured by this process (ordination axes), or if they have a
better response around of the values of these theoretical
variables [31]. When the length of gradient of the first
ordination axis is >2 SD (standard deviation), a Canonical
Correspondence Analysis (CCA) is performed. If the length
of gradient is < 2 SD, then, the benthic macroinvertebrates
respond more linearly in the theoretical variables, and a
Redundancy Analysis (RDA) is applied [32]. After the
analysis application, the significance of environmental variables is checked based on the Monte Carlo test (variables
have P-values < 0.05). Then, more variables are selected
provided that the inflation factor is less than 20.

3.1 Chemical-physicochemical assessment of stream sites

The values of the physicochemical and chemical parameters of the stream sites are presented in Table 1. The
levels of the examined parameters were below the drinking and irrigation water standards. The chemical-physicochemical quality, carried out by averaging the quality of
individual parameters (according to the levels of nutrient
and dissolved oxygen (DO) and using the aforementioned
classification systems) ranged between high and good
(Table 2).

TABLE 1 - Values of physicochemical and chemical parameters of the sampling sites along with Drinking Water and Irrigation Standards.
(1: summer, 2: winter).
Sampling Site

2

2012

2

2011

1

2

1999

1

F2
GV1
F2
GV1
X1
X2
F1
F2
GV1
GV2
X1
F1
F2
GV1
F1
F2
GV1
AG

DO
BOD5
(mg/L) (mg/L)
9.1
8.02
12.0
12.0
9.5
7.3
10.0
7
9.4
5.2
9.2
7.1
9.9
8.5
9.8
8.1
11.3
9.4
13.5
9.6
12.5
9.2
11.1
9
10.12
7.7
9.14
7.7
-

DWSa
IWSb

T
Cond
TDS
(°C) (µS/cm) (mg/L)
7.45 20.3
69
8.58
21
112
7.5
9.4
71
7.29 9.8
97
8.3 18.2
219
8.3 19.1
239
7.9 17.1
66
7.9 17.8
66
8
15.8
93
8.1 16.5
92
7.7
8.3
199
4.8
53
6.5
62
8.3
89
8.78 11.1
67
36
8.8 16.8
91
47
8.75 14.3
127
9.16 13.9
116
61
6.5-9.5
<2500
pH

N-ΝΟ2
(mg/L)
0.0024
0.0018
0.0036
0.0018
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
<0.005
0.152

25

N-NO3
(mg/L)
0.78
0.12
0.89
0.86
0.532
0.632
0.378
0.358
0.325
0.282
0.329
0.116
0.148
0.134
1.51
0.63
0.77
1.40
11.29
11.29

N-NH4
(mg/L)
0.016
0.008
0.012
0.008
0.009
0.01
0.018
0.017
0.011
0.014
0.068
0.065
0.059
0.048
0.023
0.020
0.026
0.021
0.389
0.778

P-PO4
TN
TP
(mg/L) (mg/L) (mg/L)
0.222
0.283
0.130
0.155
0.036
0.041
0.023
0.042
0.009
0.01
0.018
0.017
0.011
0.014
0.013
0.015
0.013
0.013
0.013
1.7
<0.026
0.013
<1
<0.026
0.013
1.5
<0.026
0.013
<1
<0.026
0.306
2.183

Discharge
(m3/sec)
0.092
0.019
0.224
0.05
0.093
0.045
0.082
0.169
0.081
0.010
0.046
0.009
0.016
0.034
0.121
0.066
0.035
0.073

DWS: Drinking Water Standards, a: COUNCIL DIRECTIVE 98/83/EC, IWS: Irrigation Water Standards, b: MD 4813/98, for the abbreviations of the sampling sites see
legend in /Fig.1.

1999

TABLE 2 - Chemical-physicochemical assessment classification of each sampling site using dissolved oxygen and nutrient standards (H:
High, G: Good, M: Moderate, P: Poor, B: Bad).

Summer
Winter

2011

Summer

2012

Late Summer

Winter

Sampling Site
F2
GV1
F2
GV1
X1
X2
F1
F2
GV1
GV2
X1
F1
F2
GV1
F1
F2

DO
H
G
H
H
H
H
H
H
H
H
H
H
H
H
H
G

N-ΝΟ2
H
H
G
H
H
H
H
H
H
H
H
H
H
H
G
G

N-NO3
M
H
M
M
G
M
G
G
G
G
G
H
H
H
P
M
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N-NH4
H
H
H
H
H
H
G
G
H
H
M
M
G
G
H
H

P-PO4
P
M
H
H
H
H
H
H
H
H
H
H
H
H
H
H

Total P
P
G
H
H
H
H

Classification
G
G
G
G
H
H
H
H
H
H
G
G
H
H
G
G
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GV1
H
G
M
H
H
H
G
AG
G
G
P
H
H
H
G
TABLE 3 - Calculated scores of the indices IBMWP, BMWP, ASPT, STAR_ICMi,
EQR_STAR_ICMi, HES, and quality classification of each site. (H: High, G: Good, M: Moderate, P: Poor, B: Bad).

Sampling Site

1999

Summer
Winter

2012

2011

Summer

Late
Summer

Winter

F2
GV1
F2
GV1
X1
X2
F1
F2
GV1
GV2
X1
F1
F2
GV1
F1
F2
GV1
AG

IBMWP

Class

BMWP

Class

159
130
61
46
99
109
138
145
94
68
32
98
106
48
139
150
86
138

H
H
G
M
G
H
H
H
G
G
P
G
H
M
H
H
G
H

175
125
61
39
98
108
133
149
90
65
32
101
97
48
141
152
73
131

H
H
G
M
G
H
H
H
G
G
P
H
G
M
H
H
G
H

Metric scores
EQR_
ASPT
STAR_
ICMi
6.481
1.012
6.579
0.936
6.1
0.826
5.571
0.650
6.533
1.078
6.353
1.122
6.65
0.942
6.478
0.820
6.429
0.936
5.417
0.754
5.333
0.434
6.733
0.911
6.467
0.860
6.636
0.506
6.714
1.074
6.909
1.103
6
0.753
6.55
1.116

STAR_
ICMi

Class

HES

Class

0.993
0.918
0.810
0.638
1.057
1.101
0.924
0.804
0.918
0.739
0.426
0.894
0.843
0.496
1.054
1.082
0.739
1.095

H
G
G
M
H
H
G
G
G
G
P
G
G
M
H
H
G
H

4
3.5
3
2.5
3.5
3.5
3.5
4
3.5
2.5
2
4
3.5
3.5
4
5
4
5

G
G
M
M
G
G
G
G
G
M
P
G
G
G
G
H
G
H

TABLE 4 – Provisional ecological quality of each sampling site according to biotic indices
and nutrient classification. (H: High, G: Good, M: Moderate, P: Poor, B: Bad).
Ecological status

1999

Sampling Site
Summer
Winter

2011

Summer

2012

Late
Summer

Winter

F2
GV1
F2
GV1
X1
X2
F1
F2
GV1
GV2
X1
F1
F2
GV1
F1
F2
GV1
AG

IBMW
P&
NCS
G
G
G
M
G
H
H
H
G
G
P
G
H
M
G
G
G
G

BMWP
& NCS
G
G
G
M
G
H
H
H
G
G
P
G
G
M
G
G
G
G

3.2 Biological assessment of stream sites

According to the applied indices, the biological quality of the sites did not differ significantly (Table 3). If we
consider the average of the metrics applied, most of the
sites score over the good/moderate boundary. Only site
GV1 scored moderate in winter 1999 and late summer
2011, and site X1 scored poor in late summer 2011.
3.3 Ecological quality of stream sites

The provisional ecological quality of each sampling
site (Table 4) was assessed taking into account its available biological and chemical-physicochemical quality (ac-

STAR_ICMi
& NCS
G
G
G
M
H
H
G
G
G
G
P
G
G
M
G
G
G
G

HES
& NCS
G
G
M
M
G
G
G
G
G
M
P
G
G
G
G
G
G
G

cording to the one out all out principle). Most of the sites
showed good ecological status. The ecological quality of
site X1 in late summer 2011 was classified as poor, and site
GV1 during summer 1999 and late summer 2011 was classified as moderate due to their degraded biological quality.
3.4 Interpretation of macroinvertebrate assemblages using
multivariate analysis

A total of 7.252 individuals, which belong to 60 macroinvertebrate families, were collected and identified
from all sampling sites. The most dominant taxa were the
species of the Baetidae and Chironomidae families,
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which comprised 24.6% and 22.1% of the total abundance, respectively. Gammaridae, the next most abundant
family, accounted for 10.7%, followed by Heptageniidae
(7.2%), Hydropsychidae (5.4%), Simuliidae and Caenidae
(5%). Baetidae, Chironomidae and Hydropsychidae were
the families that were found in all sampling seasons during the years. The abundance of benthic macroinvertebrates was different during the high and low flow period
for all streams and sites. However, according to the
ANOSIM test, there were no significant seasonal and
yearly differences among species composition in sampling sites (R = 0.181 and R = 0.196, respectively). The
hierarchical clustering analysis, categorized the macroinvertebrate communities of the sampling sites into five
groups, based on the Bray-Curtis similarity index (Fig. 2).
Overall, stream sites were grouped according to temporal
parameters, i.e. sampling sites were grouped according to
either the sampling period or the year of sampling. Particularly, during summer 2011, biocommunities seemed to
be very similar among the examined streams (group d). In
some cases, the grouping was based on both of these parameters. An exception was site GV1 during the high flow
period in 2011 and 2012, which presented a separate group
(a). Another group was composed by sites F2 and GV1 for
the low flow period in 1999 (group c). Similarity Percentages Analysis (SIMPER) showed that group a and group c
presented average dissimilarity of 68.54%. The average
dissimilarities between group a and groups b, d and e were
61.73, 64.36 and 67.37%, respectively. This dissimilarity
was due to the low species richness and abundance of the
group a sites.

brate variation. The first two axes explained 50.1% of
species-environmental relation. The canonical weighted
correlation of environmental variables with CCA axes
indicated that the first ordination axis (horizontal axis)
was mostly related to grasslands (-0.911) and the second
axis (vertical axis) with conductivity (0.4493), P-PO4
(0.3773) and DO (-0.3609) (Fig. 3). Sites of Fonias
stream in 2011 and their taxa were positively correlated
with grassland (except for F1(3_2). Generally, there was a
clear separation among the streams. Sites of Fonias
stream were distributed on the negative side of the first
axis. The rest of the sites were distributed at the right side
of the first axis but Gria Vathra was mostly related to,
conductivity, P-PO4 and DO.

FIGURE 3 - Correlation plot of sampling sites (•) and macroinvertebrate families (+) with significant environmental variables. The
first number in the site name refers to the year of sampling (1: 1999,
2:2002, 3:2011, 4:2012) and the second one to the sampling period
(1: summer, 2: winter).
3.3 Cold and hot springs

FIGURE 2 - Hierarchical clustering analysis in the sampling sites of
Xiropotamos (X), Gria Vathra (GV), Agkistros (AG) and Fonias (F)
stream basin. The first number in the site name refers to the year of
sampling (1: 1999, 2:2002, 3:2011, 4:2012), and the second one to the
sampling period (1: summer, 2: winter).

The levels of the physicochemical parameters of the
cold and hot springs are presented in Table 5. Overall,
cold springs had good water quality, according to drinking water standards, and were classified as medium hard
according to Hem [33] with low mineralization [28]. All
cold springs are of a calcium bicarbonate type, except
from one (Palaeopolis spring) that belongs to Na-Cl type,
probably due to sea water influence (the spring is very
close to the shore). Hot springs are of the Na-Cl type with
very high conductivity and total dissolved solid (TDS)
values, and are rich in major ions and trace elements. A
number of parameters (conductivity, Na, Cl, NH4, Mn) in
these springs exceeded the drinking water quality standards.

The length of gradient of the first DDCA axis was
2.128; thus, the most suitable direct gradient analysis was
CCA. Seven of the 28 environmental variables which
were used in CCA analysis , best explained macroinverte-

1181

© by PSP Volume 23 – No 5. 2014

Fresenius Environmental Bulletin

4. DISCUSSION

mountainous springs, fed by snowmelt and precipitation,
are developed within fault-line ravines or weathering

Samothraki Island is rich in cold and hot springs and
perennially flowing surface waters. Numerous small
TABLE 5 - Physicochemical parameters of cold and hot springs.

T(A)
T(B)
PAL
K
A.G.
PAR
DWS

T(A)
T(B)
PAL
K
A.G.
PAR
DWS

T
(oC)
41.8
42.8
16.4
16.7
15.5
16.8

6.63
6.62
9.11
8.28
8.44
9.04
6.5-9.5a

C
(µs/cm)
19000
17000
222
267
262
136
2500 a

DO
(mg/l)
2.1
4.9
4.95
7.2
8.24
9.32

SO4
(mg/l)

Cl
(mg/l)

NO3
(mg/l)

NO2
(mg/l)

NH4
(mg/l)

PO4
(mg/l)

77.37
23.87
15.96
15.12
9.33
7.59
250 a

4384.9
4299.2
140.66
14.6
13.71
7.77
250 a

0.2
0.2
7.41
5.35
9.86
5.82
50 a

0.008
0.008
0.008
0.008
0.008
0.008
0.50 a

10.34
9.15
0.016
0.028
0.021
0.042
0.05b

0.09
0.08
0.09
0.04
0.04
0.04
0.27 b

T (A)
T (B)
DWS

Mn
(µg/l)
346.3
312.3
50c

Fe
(µg/l)
94.7
159.5
300d

Co
(µg/l)
0.771
0.651
20 c

pH

TDS
(mg/l)
>2000
>2000

Ca
(mg/l)
768.41
645.96
33.38
36.47
44.29
19.75

145
140
73

Ni
(µg/l)
1.515
1.345
20a

Cu
(µg/l)
2.086
1.642
20 c

Mg
(mg/l)
76.61
37.25
3.47
6.35
3.29
2.22

Na
(mg/l)
3538.2
4042.1
89.65
10.24
8.28
6.39
200 a

K
(mg/l)
478.3
553
11.54
0.47
0.42
0.38

HCO3
(meq/l)
6.696
6.652
1.578
2.008
2.214
1.015

CO3
(meq/l)
0
0
0
0
0
0

TN
(mg/l)

TP
(mg/l)

SiO2
(mg/l)

Total Hardeness
(mg/l CaCO3)

1.7
1.3
2.7
1.5

0.032
0.029
0.038
0.013
0.013
0.013

74.4
87.6
11.23
15.12
9.24
7.61

2232.30
1764.89
97.56
117.11
124.04
58.41

Zn
(µg/l)
2.148
6.424
500 c

Cd
(µg/l)
0.032
0.028
1c

Pb
(µg/l)
0.347
0.289
50 d

Sr
(µg/l)
13880
12420
-

C: conductivity, DWS: Drinking Water Standards, a: COUNCIL DIRECTIVE 98/83/EC, c, d: category A1, b: guide, c: mandatory, COUNCIL DIRECTIVE 75/440/EEC [35], T(A), T(B): thermal springs. PAL: Palaiopolis, K: Kariotes, P: Paraga, A.G.: Agios Georgios cold springs.

zones in igneous rocks creating a high number of streams
with substantial flow considering the dimension of the
island. In this work, the preliminary ecological assessment
of seven stream sites in four stream basins was evaluated.
Of the four investigated streams, only the Fonias Stream
currently flows into the sea throughout the year, exhibiting
a substantial area of perennial flow. Most of the other
streams, at their lower reaches, are dominated by intermittent or ephemeral flow. There is evidence that water abstraction at Gria Vathra, Agkistros and Xiropotamos created periodic desiccation in the stream’s lower reaches;
but this needs further investigation. Overall, the ecological quality of the running waters of Samothraki is good
where the most significant pressure is considered to be
water abstraction, as is most evident in Xiropotamos stream
valley. Any pollution sources existing in the basins (i.e.
small-scale agro-industrial development, municipal wastes
and localized tourism activities) seem to be balanced by
high quantities of clean, turbulent waters resulting by extensive mountainous topography and steep slopes. More
investigations near point-sources of pollution may reveal locally degraded conditions.
An increase of conductivity during the high flow period compared to the low flow period was evident, a phenomenon also observed in other Greek streams [35-37].

This seasonal trend of dissolved solid concentration is
attributed to flushing of salts that accumulate in the soil
during the dry period of the year [e.g. 37]. Nevertheless,
the mean conductivity values were generally very low due
to the presence of siliceous substrates [28, 38]. As with
conductivity, the concentrations of nitrate and nitrite were
higher during the high flow period for all sites. This may
be attributed to organic matter mineralization during soil
leaching processes [e.g. 39]. In contrast, ammonium and
phosphorus concentrations were higher in the low flow
period for all sites. This seasonal trend is normal for most
Greek streams and is attributed to point sources of ammonia and phosphorous [e.g. 37]. However, since in the examined basins only minor point pollution sources exist, high
values of these compounds may be also due to mineralization of natural organic matter that accumulates in standing
waters occurring in several plateaus along the stream
courses. In, fact, these pools are eutrophic as the existence
of filamentous algae communities indicates [38]. An additional cause may be excrements of grazing goats that are
gathering for shade and water. The stream-bed substrate at
all sites consisted mainly of coarse material (cobbles and
boulders). This substrate composition is typical for small
mountainous stream basins with steep slopes [28].
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Ephemeroptera, Diptera and Amphipoda were the
most dominant macroinvertebrate families in all sites. No
significant differences were observed among the indices
used for the classification of the biological quality of the
sites. The poor biological quality of site X1 in late summer 2011 was mostly attributed to the fact that macroinvertebrate sampling was performed shortly after flow had
been restored; thus, the benthic fauna had not fully recolonized the site. Cluster analysis revealed overall a similar
macroinvertebrate community composition indicating the
predominance of seasonal attributes (i.e. flow and discharge) over spatial differences.
Based on the results of this study, we speculate that
the chemical-physicochemical and biological assessment
of the stream sites was lower than anticipated due to the
application of unsuitable indices and metrics. The rather
homogenous and naturally poor microhabitat structure and
the flashy stream dynamics may have resulted in a natural
biocommunity perceived as poor from metrics, developed
specifically for continental stream ecosystems and not
Mediterranean island ones. In addition, mineralization
processes taking place in pools may increase nutrient
concentrations in stream water and may affect zoobenthos
assemblages. However, these hypotheses need further
investigation since the local biogeographical and cultural
landscape impacts have not been researched. Finally, the
waters of the cold springs were found to be suitable for
drinking purposes. In contrast, hot springs that are commonly used for drinking, since it is believed that their effects
are curative, exceeded the drinking water quality standards.

thraki Island, type-specific reference conditions include
higher nutrient concentrations than in other Greek regions, since N and P compounds may also originate
through natural processes occurring in stream widespread bedrock pools or during flash events (natural enrichment). Therefore, due to the peculiar nature of Samothraki’s streams presenting extensive standing waters and
flashy dynamics, a special approach for the assessment of
their ecological quality may be needed. This may also be
valid for other Mediterranean island streams exhibiting
similar natural features in fragmented “cultural landscapes”. A comprehensive aquatic, wetland and riparian
research survey is required, including hydromorpho-logical
and additional biological quality elements, to provide a
clearer impression of the island’s freshwater resources
and conditions, and assist in better adapting assessment
techniques to Mediterranean island stream conditions.
Samothraki’s lotic waters are one of the island’s most
precious environments for biodiversity and local society.
This is especially important since few islands in the Aegean have so much perennially flowing water. The island
provides an outstanding research and conservation opportunity since the small river basins could be holistically
studied, and particular proposals could assist water resources and landscape management prescriptions. The
main part of the island has already been designated under
the Natura 2000 conservation area and an updated UNESCO
man and biosphere reserve (MAB) proposal has been promoted [40]. Strategically coordinated river basin research
could assist efforts to integrate and promote both water
management and nature conservation initiatives.
The authors have declared no conflict of interest.

6. CONCLUSIONS
Samothraki Island sustains remarkable lotic environments and a high degree of naturalness, primarily due to
its unique geological and morphological conditions that
favor the occurrence of substantial surface runoff and hinder any intense human activities above about 200 m asl.
However, the island has been poorly studied by aquatic
scientists. Baseline natural history description of the island’s waters, lotic and lentic habitats and associated riparian zones, particularly, their biological attributes, have not
been adequately documented or inventoried. Specific stream
typologies and reference conditions for the island’s stream
lotic features have not been developed. Our exploratory
survey has helped to review the situation and provided initial
inroads towards building knowledge by employing standardized approaches for ecological quality assessment.
According to the present investigation, although existing
biological indices showed no major differences among
them, they do not seem to respond adequately to the actual quality of the streams as perceived by our research
team’s expert opinion. The same may be valid for nutrients. We expected lower nutrient levels [39] matching
with the nearly “pristine” conditions of the island’s mountainous part. Hence, we presume that in the case of Samo-
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INVESTIGATION OF THE HORMESIS/TOXICITY POTENTIAL
OF MANISA (TURKEY) URBAN WASTEWATER TREATMENT
PLANT BY USING Selenastrum capricornutum Printz
Göknur Şişman-Aydin* and Rahime Oral
Ege University, Faculty of Fisheries, 35100 Bornova, Izmir, Turkey

ABSTRACT
The environmental impacts of urban and industrial
wastewater in aquatic environments have been researched
for a long time. In this study, the algal inhibition effect on
influent and effluent belonging to the urban wastewater
treatment plant in Manisa, with a population over 250.000,
are researched with a 72-h Selenastrum capricornutum
(Printz) test. The measurement of COD, BOD, SS and pH
parameters of the water from the influent and effluents in
the plant with 31000 m3/day are conducted as part of
National Water Pollution Control Regulations (NWPCR,
31.12.2004; 25687). The trials took place with four repetitions in a range of 10-1 -10-4, and seven different dilution
rates. The effect of wastewater samples on the growth of
S. capricornutum species is defined as % inhibition with a
size of cells ml-1. As a result of this research; it is determined that, in all the dilution rates of the influent in the
wastewater treatment plant, it inhibits the growth of the
species (TU-Class IV), and that it shows hormetic effects
in low concentrations of the effluent; however, in high
concentrations, it inhibits the growth of the species (TUClass III). It is seen that seasonal variations of river flowrate have an effect on the toxicity effect value (IF).
KEYWORDS: urban wastewater, Selenastrum capricornutum,
inhibition, hormesis, impact factor

1. INTRODUCTION
Intense agricultural activities and rapid growth in population cause surface and underground resources, and lead to
quality impairment of the present water resources. While the
pollution of natural environment water by municipal and
industrial wastewater can have some effects on other organisms, it may not affect the genetic, morphologic, physiologic and successive position and abundance
(hormesis/inhibition) of aquatic organisms [1-4].
Today, the polluting aspects of urban and industrial
wastewater and their toxicological effect on all the livings
* Corresponding author

in aquatic environment are researched with different methods (bacteria, microalgae, zooplankton, fish etc.) [5-7].
Such studies are effective in acceptance process of ecological-based criteria in Canada, USA and EU countries to the
legal directives [8-11]. The observation of seas, lakes and
rivers that are polluted by municipal sewage as well as
other polluting resources are done with COD, BOD, SS,
and pH parameters, which are based on physiochemical
measurements [12]. However, physiochemical parameters
cannot be used for the evaluation of toxic effect of sewage
on receiving waters [13]. Standard toxicity tests are used
along with global parameters due to application convenience, short tests, and being economic in determining environmental impacts [5]; and it is being a guide for evaluating
the polluters and betterment of water quality [14, 15]. In the
National Water Pollution Control Regulations (NWPCR)
[12], there is not an observation study of water quality that
shows its effects on all the living creatures in receiving
waters (except for the toxicity dilution factor), or a present
ecotoxicological parameter.
Food and environmental factors in aquatic environments are the most essential impacts on development and
persistence [16]. Phytoplankton organisms are the main
part of the aquatic ecosystem due to being the first ring of
the food-chain, and they are the main themes of many sea
and inland waters [16, 17]. Therefore, any possible change
of phytoplankton organisms in terms of specimen number,
variety and distribution would affect all the water creatures. In this study, it is aimed to research ecotoxicological effects of the sewage of the Municipal Sewage Treatment Plant in Manisa, which is discharged to Gediz River,
with the standard phytotoxicity test that is more economic
and easier to apply than the physicochemical measurement method, keeping in mind the place and importance
of phytoplankton organisms in food-chain.
2. MATERIALS AND METHODS
Study Area: The city of Manisa is in the Gediz River
Basin that is among the top 5 river basins in Turkey, and
has importance in agricultural and industrial activities. Due
to agricultural and industrial activity basin-wide, there was
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a population boom; the municipal and industrial
wastewater load was heavier and, therefore, natural resources were polluted. Manisa Wastewater treatment plant
(MWWTP) is the only municipal wastewater treatment
plant in Manisa and established in Horozköy Mağarabahçe
site, 1,5 km south of Gediz river in an area of 10,4 hectares
(Fig. 1). Treated urban wastewater is discharged to Gediz
River. The treatment capacity is 31.000 m 3 day-1 (minimum 1.200 m3h-1), and obtained sludge amount is 15
tons day-1. The treatment plant consists of grids, sand
catcher, primary clarifier, high-speed trickling filter, secondary clarifier, aerobic stabilization pond, and sludge drying
bed units.
Method: Two-h composite samples, taken from entrance and exit structures of MWWTP, are brought to the
lab by keeping at +4°C, and prepared for the trial by filtering with GF/C filter papers. In this study, the modified
72-h static toxicity test [18] is applied. Selenastrum capricornutum Printz species is used as test organism and the
strain is procured from Culture Collection of Algae (Italy). The algal species [18] is enriched by the stated nutrients,
and the species is prepared for the stock culture when it
reached exponential growth phase (3-5 days); its cell capacity is arranged as 10,000 cells ml-1. 12 well plates with 5
ml trial final concentrations are used. The trial with four
repetitions took place as seven different dilution rates in a
range of 0.1-100% (v/v) and seven different dilution rates.
As dilution water, filtered deionized water (0.2-µm sterile
filter) is used. The trial is conducted in a constant temperature chamber at 24±1 °C for 24 days, by using a “coolwhite” fluorescence lightning (PAR~200 µmol m-2 s-1), and
without ventilation. As a result of the trial, cell capacity of
each sample is counted with an Olympus model BH2 (40X-

100X cell count) microscope by using a Neubauer counting chamber. The cell number-based exponential growth
rates were calculated following Guillard formulation [19]:
µ = 1/(t2–t1)*log2(N2/N1)
µ: exponential growth rate (day-1), N1: the cell numbers at the beginning of test duration, cells/ml; N2: the cell
number at the end of test duration, cells/ml, t1: time of
beginning of the test, t2: time of the end of test duration.
The impacts of wastewater samples on the growth of S.
capricornutum species are defined as % inhibition with a
size of cells/ml.
%I = (Rc-R)*Rc/100
%I: the percent inhibition in cell numbers, R: the cell
numbers for the treatment replicate, Rc: the cell numbers
of control group. The 25% inhibition concentration (IC25)
values were calculated using the inhibition concentration
percent program (ICPIN.exe) provided by U.S. EPA. The
data were compared with the controls by a Fisher’s ANOVA
(Statgraphics Centurion XVI software).
Gediz River’s monthly river flow data is obtained from
Manisa Regional Directorate of State Hydraulic Works
(SHW); the seasonal flow means and wastewater/river flow
means are calculated. Toxic units (TUs) were calculated
according to the US EPA manual as TU = 100/IC25. Two-h
composite samples taken from entrance and exit structures
of MWWTP are brought to the Lab of Ministry of Environment and Forestry İzmir Provincial Directorate by keeping them at +4 °C, and COD, BOD, SS and pH are measured as part of Water Pollution Control Regulations
(31.12.2004; 25687).
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FIGURE 1 - Location of Municipal Wastewater Treatment Plant of Manisa City, Turkey.

3. RESULTS AND DISCUSSION

range of 1.39-85.87% compared with the control cell number (Fig. 2). In a 0.3-3% concentration range, the S. capricornutum species cell number does not have a dramatic
decrease; in 10-100% concentrations, the cell number has
a dramatic decrease (p<0.05) and causes inhibition effects
(p<0.05) (Fig. 3). Raw wastewater IC25 value is calculated
as 4.42% (v/v), according to Persoone et al. [21] that
influent has a high toxicity (TU Class IV). Urban sewages
are in a complex structure that includes pharmacological-

As a result of phytotoxicity test by using MWWTP
influent and effluent water samples, the potential hormetic/toxic impact of S. capricornutum cell capacity is
shown and evaluated as part of legal regulations. According to the trial results taken from MWWTP’s entrance
structure at the end of 72 h, 0.3-100% (v/v) cell number
of influent concentrations has shown to decrease in a

Exponential growth rate, µexp (day-1)

FIGURE 2 -Growth curves of S. capricornutum cells exposed to different wastewater concentrations.
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FIGURE 3 - Effect of MWWTP influent on growth rate of S. capricornutum.

FIGURE 4 - Effect of MWWTP effluent on growth rate of S. capricornutum.

FIGURE 5 - Inhibition rates of different concentrations of influent and effluent of MWWTP.

drugs like heavy metals, pesticides, and estrogens which
can damage aquatic biota, many chemical and micro polluters [21] as well as high N-P burden. When it is considered that today 30.000 chemicals, 900 of them are dangerous, are daily used at homes [22], raw wastewater inhibi-

tion effect is an expected result, and similar results are
obtained with other studies on urban wastewaters [23-25].
As a result of trials on samples taken from MWWTP’s
effluent structure, IC25=17.63 % (v/v) is found, according to
Persoone et al. [20] as effluent being toxic (TU Class III).
In 3-10% wastewater concentrations, a statistically mean-
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ingful difference could not be found of MWWTP’s effluent in cell number and growth rate, and it did not show
inhibition effect on the species. In a range of 30-100%
wastewater concentrations, there was a dramatic decrease
in cell numbers and exponential growth rate (p<0.05)
(Figs. 3 and 4), and in concentrations above 30%, it is
seen that the effluent has a clear inhibition effect on the
species (Fig. 5). The obtained result can be related with
the low treatment efficiency. In this respect, the results of
this trial show parallelism with previous physicochemical
studies. For example, in the other study of impacts of
MWWTP sewages on Gediz River, effluent is found
Class IV in terms of anionic surface active agents (highly
polluted water); in terms of phosphate, it is found as Class
III (polluted water) [26]. Also, in another study, low concentrations are observed prior to MWWTP discharge point,
but high organic, inorganic and heavy metal levels are
reported in the plant after the exit station [27].
On the other hand, it is seen that effluent causes (in
low concentrations) dramatic stimulation (hormesis) of
cell numbers (p<0.05) (Fig. 2). In 0.3-1% v/v) effluent
concentrations, the growth rate has shown anincrease at a
rate of 32.3-17.5% (p<0.05) compared with the control
growth rate (Fig. 5), which is a result as important as
inhibition effect. Te hormetic effect is an unwanted situation like inhibition and toxic effect. The stimulation effects of municipal and industrial wastewater (in low concentrations) on organisms are shown in different studies
and similar results are obtained [28].
It is known that the urban wastewater toxicity is dependent on parameters like physical, chemical and biological characteristics of wastewater, the type and efficiency
of the treatment, and disinfection methods [29]. In situations when the treatment efficiency and/or plant capacity
are not sufficient like in the plant herein, the increase of
toxicity is possible. According to NWPCR, when the
physicochemical analysis results are evaluated (Table 2),
it is seen that the plant is discharged in accordance with
the discharging standards (Table 1). However, when the
toxic/hormetic effects (Figs. 3 and 5) and COD/BOD5
(2,76) rate are looked at (Table 2), it is possible to say that
the treatment efficiency is at a risky point.
Also, when the inhibition effects of raw and treated
water samples on high wastewater concentrations are
compared, it is seen that statistically there is not a drastic
decrease (p>0.05) (Fig. 5). It is possible to say that this
result does not mean that physicochemical enhancement
possibility of municipal wastewater can be enhanced
ecotoxicologically, and the physicochemical parameters
used in control/observation cannot be used to evaluate the
toxic/hormetic effects of sewage. Likewise, Movahedian
et al. [13] stated that physicochemical results may not
give results when considered as toxicological ones. In this
context, the results of this study show parallelism with the
previous comparative studies done at trophic levels on
municipal wastewater [5, 13, 23, 30]. On the other hand,
the representation of an aquatic system from the results

attained from one trophic level cannot be expected, and
toxic/hormetic effect may vary from each species. Some
studies on nitrogen and phosphorus removal in municipal
wastewater treatment plants, have shown different phytoplankton species and high treatment efficiency [31, 32].
TABLE 1 - According to the regulation of effluent discharging
criteria of Turkey: Municipal Wastewater Class 4: (pollution load>
raw BOD 6000 kg/day, population>100000).
Parameter
Biological Oxygen Demand (BOD5)
Chemical Oxygen Demand (COD)
Suspended Solid (SS)
pH

Birim

Composite
Samples
2 hour

Composite
Samples
24 hours

(mg/L)

40

35

(mg/L)

120

90

(mg/L)
-

40
6-9

25
6-9

TABLE 2 - Physicochemical analysis results of Manisa wastewater
treatment plant.
Public Regulation
value*
COD (mg/L)
288
44,16
120
BOI5 (mg/L)
96
16
40
SS (mg/L)
57,3
26,5
40
pH
7,33
7,49
6-9
KOI/BOI5 ratio
3
2,76
* Public Water Pollution Control Regulation 31.12.2004/25687 (resettlement OG-13/2/2008-26786)
Parameter

Influent

Effluent

To estimate the relative seasonal toxicity of the
MWWTP effluent to river water, an impact factor was
introduced, taking into consideration the discharging
volume in the Gediz River and toxic unit of the effluent.
The impact factor (IF) was calculated as IF (%) = TU*
Relative discharge ratio (RDR). When the seasonal river
flow means of Gediz River were analyzed (Table 3), it is
seen that, especially in autumns, the river flow decreases
dramatically. Therefore, the drastic increase of the rate of
wastewater flow in an average river flow (15.7 % (v/v)),
close to inhibition concentration (IC25 = 17.63 % (v/v)),
shows that it can carry the Gediz River water quality to an
ecotoxicologically critical level (IF = 89.01%). Similarly,
in the studies of Sung Ra et al. [16], it is stated that seasonal variations and treatment process type can be critical for
the biological toxicity of sewage treatment plant’s effluent.
TABLE 3 - Seasonal toxicity impact factor according to the relative
discharge ratio from MWWTP in Gediz river.

Season
Autumn
Winter
Spring
Summer

1190

Average flowrate (AFR) of
Gediz River
(m3/h)
8208
68040
30384
42732

Relative discharge (RDR)
ratio (%)
15.7
2.9
4.5
3

Impact Factor
(%)
(IF =
TU*RDR)
89.01
16.44
25.55
17.01
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4. CONCLUSION

otests, and correspondence between toxicity and chemicalbased indices. Aquatic Toxicology 63, 27-/41

In the planning, management and observation procedures of an urban wastewater treatment plant, the physical, chemical and biological characteristics of the
wastewater as well as the ecological effects must be taken
into consideration. The only implemented parameter for
the biological watch in National legislation in Turkey is
“toxicity dilution factor”, and that is solely used for industrial wastewater. Turkey, a part of the European Union
Accession Period, has revisions of wastewater treatment
plant discharge standards and parameters. It must be considered that urban wastewater characterization has a complex structure and must be kept in mind to keep the toxicity tests (Whole Effluent Toxicity Test, WET) in treatment
plants under control.
With this study, the important toxic/hormetic potential of the municipal wastewater by using S. capricornutum species is shown. Also, in the toxicity of the
wastewater treatment plant’s effluent, it is seen that seasonal variations can be critical in dry seasons. Therefore,
seasonal variations must be considered in order to define
the bearing capacity of the aquatic system while conducting danger and risk evaluation.
As a result, when 900 of 1000 chemicals are dangerous and known to be used at homes, it is concluded that
observation and control tests (WET), which are more
effective, shorter and economic, must take part in physicochemical observation along with the national regulations. Therefore, the danger and risk evaluation of the
receiving environment discharges will be more realistic,
and the environmental management of the treatment
plants can be more efficient.
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ABSTRACT
The Soil and Water Assessment Tool (SWAT, 2009)
model was used to simulate hydrological response affected
by land-use changes for long periods in the main stream of
Zhuozhang River. The calibration (R2 = 0.84, Ens = 0.80)
and validation (R2 = 0.72, Ens = 0.69) results were satisfactory for the outlet of the watershed. Four scenarios
were set up and put into calibrated SWAT. Land-use
changes had no significant effects on annual runoff during
the months with limited precipitation and runoff. During
the flood season, scenarios of “Return the grain plots to
forestry” and “grassland” contributed to the increase of
runoff while “Increase cultivated land area appropriately”
and “Exploit reserved resources” would decrease runoff.
Runoff in scenario b “Return the grain plots to grassland”
was smaller than that in scenario a “Return the grain plots
to forestry”, but still had the positive effect on runoff.
Runoff contribution coefficients (RCCs) by unit areas of
FRSD, FRS2, RNG2, AGRR and URML were -1.98 m³ha-1,
8.89 m³ha-1, 6.51 m³ha-1, -3.36 m³ha-1, and 6.39 m³ha-1,
respectively. For unit areas, the order of runoff contribution
capability of each land-use was FRS2>RNG2>URHD>
AGRR>FRSD. RCCs of FRS2, RNG2 and URHD were
positive, and represented the area of three types of landuse being consistent with runoff while RCCs of FRSD
and AGRR were negative which meant runoff would decrease with the increase of these two types of land-use.
KEYWORDS: SWAT model; hydrological responses; contribution
coefficient; land-use; scenario simulation

1. INTRODUCTION

banization, and the policy of Reform and Openness will
undoubtedly affect basin hydrological processes and water balance, and lead to ecological problems such as land
degradations [4, 5]. Over the past decades, response of hydrological responses to land-use has been widely researched
in a variety of watersheds [6, 7]. However, because of the
complexity of the watersheds, effective tools are very necessary to model impacts of LUCC on hydrologic cycles [8, 9].
Soil and water assessment tools (SWAT) is a processbased, continuous, watershed-scale, hydrological model
which can be used to evaluate land management practices
in large rural watersheds [10]. Among several watershedscale models, SWAT has been used successfully to simulate the response of hydrological responses to environmental changes or LUCC, at a variety of scales, and mainly
because of advantages such as wide adaptability, good
application and high simulation efficiency [11-14]. He et
al. [15] simulated impacts of LUCC on surface runoff generation and river flow characteristics at monthly, seasonal,
and annual scales, on basis of the SWAT model in the Hei
River watershed. Luo et al. [16] simulated monthly runoff
in relation to land-use in Xiangjiang River basin, and scenario simulation suggested that runoff dropped under
increasing forest land and grassland areas, and decreasing
paddy field and urban areas. However, few research works
on analyzing quantitativly the impact of single land-use on
hydrological responses.
The objectives of this research were: (1) to calibrate
the model in the main stream of Zhuozhang River to research the applicability of the model in a complex semiarid region, and (2) to use the calibrated model to access the
effect of LUCC on hydrological responses, and (3) to
calculate runoff contribution coefficient (RCC) of each
land-use to runoff.

Research of hydrological responses to land-use and
land-cover changes (LUCC) is one of the key issues in
global change and hydrologic sciences [1-3]. Land-use
driven by population growth, economic improvement, ur-

2.1 Study area

* Corresponding author

The study area (latitude 36° 16´- 37° 00´ and longitude 112° 47´ - 113° 20´) is located in the southeast of

2. MATERIALS AND METHODS
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Shanxi province, China. It is the main stream of Zhuozhang River with a watershed area of 265459 ha (Fig. 1).
This watershed belongs to semiarid continental monsoon
climate area of temperate zone, and has 9.8 °C mean annual
temperature. The average annual rainfall is 610.6 mm,
mainly focused on June to September. The annual sunshine
hours are 2502 h, and annual frostless season are 166 days.
Altitude ranges from 686 - 1986 m, mainly of mountainous
area.
The flow in the river is highest during flood seasons
but very low or zero during dry seasons. The outlets of
upstream Zhuozhang River, Guanhe reservoir, Houwan
reservoir and Zhangze reservoir, are taken as inlets of the
main stream. The measured outflows of reservoirs are input
as flow of inlets. The whole catchment has only one outlet, Shiliang hydrologic station of national level which has
integrated monitoring data. There is no large and medium
reservoir in the whole watershed.
2.2 SWAT model description

SWAT model is a river basin or watershed scaled
model, developed to predict the impact of land management practices on water, sediment, and agricultural chemical yields in large, complex watersheds with varying soils,
land-use, and management conditions over long periods
of time [17-20]. The model is physically based and computationally efficient, uses readily available inputs, and
enables users to study long-term impacts; the model has
proven to be a very useful modeling tool for a wide range
of scales and environmental conditions [21, 22]. SWAT is
based on the concept of hydrologic response units (HRUs)
which are portions of a sub-basin that possess unique landuse/ management/soil attributes [23]. The runoff, sediment,
and nutrient loadings from each HRU are calculated separately using input data about weather, soil properties, topography, vegetation, and land management practices; then,
they are summed together to determine the total loadings
from the sub-basin. The hydrologic cycle as simulated by
SWAT is based on the water balance equation.
i

SWt = SW0 + ∑ ( Rd − Qs − Ea − Ws − Qgw ) (1)
i =1

where, SWt is the final soil water content (mm H2O),
SW0 is the initial soil water content on day i (mm H2O), t
is the time (days), Rd is the amount of precipitation on day
i (mm H2O), Qs is the amount of surface runoff on day i
(mm H2O), Ea is the amount of evapotranspiration on day
i (mm H2O), Ws is the amount of water entering the vadose zone from the soil profile on day i (mm H2O), and
Qgw is the amount of return flow on day i (mm H2O).
Water that does not infiltrate becomes surface runoff.
Surface runoff is flow that occurs along a sloping surface.
Using daily rainfall amounts, SWAT simulates surface
runoff volumes for each hydrological response unit (HRU).
The subdivision of the watershed enables the model to reflect differences in evapotranspiration for various crops and
soils. Runoff is predicted separately for each HRU, and

routed to obtain the total runoff for the watershed [24].
This increases accuracy and gives a much better physical
description of the water balance. Surface runoff converges
gradually to main river network, and finally, the arrived
outlet of the watershed.
2.3 Data availability

The Arc SWAT interface for SWAT version 2009
was used to compile the SWAT input files. The SWAT
model requires input on topography, soils, land-use and
meteorological data [25].
Digital elevation map (DEM; Fig. 1), with a resolution
of 30× 30 m, is from International Scientific & Technical
Data Mirror Site, Computer Network Information Center,
Chinese Academy of Sciences. (http://datamirror.csdb.cn)
Soil horizon data with key physical and chemical
properties, such as land-use group, depth of horizon, percentage of sand, silt, clay, organic carbon, bulk density,
saturated hydraulic conductivity and water content at
different tension values for each horizon, were obtained
from Harmonized World Soil Database (HWSD) made by
Food and Agriculture Organization of the United Nations
(FAO) and International Institute for Applied Systems
Analysis (IIASA) at a scale of 1:10000000. Soil unit symbol used the FAO-90 classification system [26], and classified into 7 types (Fig. 2). 71.8% of the soil was classified
as calcaric cambisols (Table 1).
The land-use map (1:250000) was obtained from Data
Sharing Infrastructure of Earth System Science (Fig. 3). As
two main land-use types, agricultural land-row crops
(AGRR) and typical-grasses (RNG2) accounted for 31.68%
and 37.04% of the total land area, respectively. Concrete
classification circumstance ares seen in Table 1.
Precipitation data of four meteorological stations
(Fig. 4), obtained from the local hydrologic station, were
input into SWAT model. Based on data integrity, the period March-December 1999 served to initialize variables
for the model; calibration phases were performed for the
years 2000~2004, and validation phases for 2006 to 2010.
The catchment was discretized into 173 sub-basins (Fig. 4)
and 1123 HRUs with dominant land-use and soil classification.
2.4 Model evaluation

The performance of the model was evaluated by coefficient of determination (R2) and Nash–Sutcliffe efficiency (Ens):
n

R2 = [

∑

i =1

n

∑

i =1

(Qo − Qo )(Q p − Q p )

(Qo − Qo )
n

∑
Ens = 1 −
∑

i =1
n

2

n

∑

i =1

(Q p − Q p )

(Qo − Q p ) 2

]2

(2)

2

(3)

(Qo − Qo ) 2
i =1

where, Q0 and Qp are the observed and simulated values, n is the total number of paired values, Q0 is the mean
observed value and Q p is the mean simulated value. Ens
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FIGURE 1 - Location of the study area

FIGURE 2 - Major soil types in study area

FIGURE 3 - Major land uses in study area
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FIGURE 4 - The 173 sub-basins in study area with the meteorological gage locations

TABLE 1 - Land use classes and soil type classes in study area
Code
FRSD
FRS2
RNG1
RNG2
RNGE
RICE
AGRR
URHD
URML
WATR
LAN1

Land use
Full name
forest-deciduous
Shrubwood
meadow-grasses
typical-grasses
range-grasses
Rice
agricultural land-row crops
residential-high density
residential-low density
Water
tidal flat

Percentage/%
9.83
12.17
3.35
37.40
2.60
0.03
31.68
1.69
0.97
0.22
0.07

ranges from negative infinity to 1, with 1 denoting perfect
agreement between simulated and observed values. Generally, ENS is satisfactory when Ens is greater than 0.5 but
unsatisfactory when Ens is lower than 0.36 [27, 28]. The
coefficient of determination (R2) is the proportion of variation explained by fitting a regression line, and is viewed as a
measure of the strength of a linear relationship between
observed and simulated data. R2 ranges between 0 and 1 [8].
The model prediction is considered to be perfect when R2 is
equal to one, and satisfactory when R2 is greater than 0.6.

Code
CF
EC
CC
EL
RL
CL
CR

Soil
Full name
Calcaric Fluvisols
Eutric Cambisols
Calcaric Cambisols
Eutric Leptosols
Rendzic Leptosols
Calcic Luvisols
Calcari Cregosols

Percentage/%
12.51
1.59
71.8
0.28
5.47
6.42
1.93

3. RESULTS AND DISCUSSION
3.1. Calibration results and parameter settings

Eleven parameter values, which mainly consider flow,
based on relative research and the SWAT model, were chosen to be adjusted continuously. Final results (Table 2) were
accepted when simulated data acted well with actual data.
Figures 5 (a) and (b) present the comparison of the
simulated and measured monthly flow for both calibration

TABLE 2 - Basic parameter settings and variation ranges.
Parameter
CN2
SOL_AWC
SOL_K
ESCO
EPCO
GW_DELAY
GW_REVAP
RCHRG_DP
ALPHA_BF
CH_N2
SURLAG

Definition
SCS curve number
Available water capacity of the soil layer
Saturated hydraulic conductivity
Soil evaporation compensation factor
Plant water uptake compensation factor
Groundwater delay
Groundwater revap
Deep aquifer percolation factor
Baseflow alpha factor
Manning's "n" value for main channel
Surface runoff lag time

Min. value
35
0
0
0
0
0
0.02
0
0
0.01
0
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Max. value
98
1
1000
1
1
500
0.2
1
1
0.5
10

Calibrated value
55~86
0.147~0.175
8.89~19.23
0.75
0.97
50
0.07
0.21
0.5
0.06
1.5

File
.mgt
.sol
.sol
.bsn
.bsn
.gw
.gw
.gw
.gw
.rte
.bsn

flow/m3．s-‐1
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FIGURE 5 (a) - Comparison of measured and simulated discharge for the study area during calibration phase (2000–2004)
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FIGURE 5 (b) - Comparison of measured and simulated discharge for the study area during validation phase (2006–2010)

(2000-2004) and validation (2006-2010) phases. The simulated flow followed a similar trend as the observed flow.
During the calibration period, R2 and Ens were 0.84 and
0.80 at the outlet which indicated that the model performed very well in the study area. During the validation
period, the values of R2 and Ens for the flow reached 0.72
and 0.69. During the flood season of validation period in
some years, runoff changed greatly such as 2006, so that
SWAT model could not simulate well, but the performance
of the simulated flow was overall acceptable.
3.2. Scenario simulation of future land-use

Four land-use scenarios were set up as follows, taking into account current land-use, national policies and
legislations, and demand of regional ecological construction.
Scenario a. Return the grain plots to forestry. According to “water and soil conservation law” in China
which was implemented from March of 2011, crop cultivations are banned in the field with the gradient angle of
more than 25°, and should take soil and water conservation measures if crops are cultivated in the range of 5° and
25°. Therefore, AGRR was converted into FRSD in the
field with the slope gradient of more than 25°, while was
converted into FRS2 in the field with the slope gradient in
the range of 15° and 25°, the rest of land-uses keeping
invariant.

Scenario b. Return the grain plots to grassland.
AGRR was converted into RNG2 in the field with the
slope gradient of more than 15°, the rest of land-uses
keeping invariant.
Scenario c. Increase cultivated land area appropriately. RNG2 was converted into AGRR, in all the
fields with slope gradients of less than 5°.
Scenario d. Exploit reserved resources. A part of
AGRR, in the field with the slope gradient of less than 5°,
was converted into URHD, and FRSD and RNG2 were
converted into AGRR in the fields with a slope gradient
of less than 5°. The rest of land-uses were kept invariant.
Statistic data of land-use areas and increase rates,
compared with the current scenario, of four scenarios are
listed in Table 3.
The 4 scenarios were put into calibrated SWAT models, respectively. The annual runoff changes of different
scenarios were obtained by taking 2009 as example. According to Fig. 6, annual runoff changes showed similartendency in 5 scenarios. Runoff was small from January to April while increased significantly from May. Annual flow reached a peak in August, and decreased gradually from September to December.
LUCC had no significant effect on annual runoff
from January to April, during the months with limited
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TABLE 3 - Land use areas and increase rates of different scenarios

flow/m3．s-‐1

FRSD
FRS2
RNG2
AGRR
URHD

Current
scenario/ha
26094.62
32306.36
99281.67
84097.41
4486.26

Scenario
a/ha
27691.68
39436.73
99281.67
75369.99
4486.26

Increase
rate/%
6.12
22.07
0.00
-10.38
0.00

Scenario
b/ha
26094.62
32306.36
108009.09
75369.99
4486.26

Increase
rate/%
0.00
0.00
8.79
-10.38
0.00

Scenario
c/ha
26094.62
32306.36
75090.37
108288.71
4486.26

Increase
rate/%
0.00
0.00
-24.37
28.77
0.00

Scenario
d/ha
15393.41
32306.36
75090.37
109887.92
13588.26

12

Current	
  scenario

10

scenario	
  a

8

scenario	
  b

6

scenario	
  c

Increase
rate/%
-41.01
0.00
-24.37
30.79
200.61

scenario	
  d

4
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0
1 2 3 4 5 6 7 8 9 10 11 12

month

FIGURE 6 - Annually runoff changes of different scenarios in 2009

precipitation and runoff. From May to September, during
the flood season, runoff characteristics showed clear differences in 5 scenarios. The runoffs of scenario a and
scenario b increased significantly while scenario c and
scenario d decreased, compared with the current scenario.
The result showed that scenarios of “Return the grain
plots to forestry” and “grassland” contributed to the increase of runoff while “Increase cultivated land area appropriately” and “Exploit reserved resources” would decrease
runoff. Runoff in scenario b “Return the grain plots to
grassland” was smaller than in scenario a “Return the grain
plots to forestry”, but still had the positive effect on runoff. From October to December, scenarios a, b, c and d
had blue shifts with decreasing precipitation, while there
was little difference compared with the current scenario. The
annual average runoff of current scenario and scenarios a,
b, c, d were 7.27 m3 s-1, 8.30 m3 s-1, 8.26 m3 s-1, 4.50 m3 s-1,
and 5.36 m3 s-1, respectively.
3.3. Analysis on the contribution coefficient of the runoff by
the land-use

Accurate calculation of RCC by each land-use and
quantitative analysis of the influencing factors of watershed runoff contribute to take specific measures for watershed governance. It would be extremely helpful for
water resource management as well as water and soil conservation. Multi-objective decision function measure was
adopted to establish multivariate linear equations, and to
obtain the influence of single land-use on the runoff per
hectare by solving the equations with MATLAB.
FRSD, FRS2, RNG2, AGRR and URHD were the
only 5 mutual land-use change scenarios, which in totally

accounted for 92.77% of the whole watershed. Therefore, it
was only needed to work out the RCC by the 5 types of
land-use. The RCC can be positive which meant the landuse was consistent with runoff, or negative which meant the
land-use and runoff showed opposite changes.
The average daily runoff of the current scenario, and
scenarios a, b, c and d, obtained by SWAT model, were
627952.5 m³, 717503.5 m³ 714092.2 m³ 389184.4 m³, and
463146.7 m³, respectively. They were separately expressed
by Rn (n represented o, a, b, c, and d, respectively, current
scenario and scenarios a, b, c, d), V (α = 1, 2, 3, 4, 5)
were the daily RCCs by the unit areas of FRSD, FRS2,
RNG2, AGRR and URHD ( m³ ha-1).
α

5

Rn = ∑Vα * Sαn

(4)

α =1

where, Sαn was the area of the land-use, in the scenario n (ha).
Transform formula (3) into matrix as follows:

⎡ S1o
⎢ S
⎢ 1a
⎢ S1b
⎢
⎢ S1c
⎢ S
⎣ 1d

S 2 o S 3o S 4 o S 5o ⎤ ⎡V1 ⎤ ⎡ Ro ⎤
S 2 a S 3a S 4 a S 5 a ⎥⎥ ⎢⎢V2 ⎥⎥ ⎢⎢ Ra ⎥⎥
S 2 b S 3 b S 4 b S 5b ⎥ × ⎢V3 ⎥ = ⎢ Rb ⎥
⎥ ⎢ ⎥ ⎢ ⎥
S 2 c S 3c S 4 c S 5c ⎥ ⎢V4 ⎥ ⎢ Rc ⎥
S 2 d S 3d S 4 d S 5 d ⎥⎦ ⎢⎣V5 ⎥⎦ ⎢⎣ Rd ⎥⎦

(5)

Vα(α = 1, 2, 3, 4, 5), the RCC values by unit areas of
FRSD, FRS2, RNG2, AGRR and URHD, calculated by
MATLAB, were -1.98 m³ ha-1, 8.89 m³ ha-1, 6.51 m³ ha-1,
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-3.36 m³ ha-1 and 6.39 m³ ha-1, respectively. The RCC by
the 5 types of land-use, sequenced by absolute values, were
FRS2, RNG2, URHD, AGRR and FRSD successively.
Therefore, for the unit area, the order of runoff contribution capability of each land-use was FRS2>RNG2> URHD>
AGRR>FRSD. RCC values of FRS2, RNG2 and URHD
were positive, represented the area of 3 types of land-use
being consistent with runoff.
In practical terms, the RCC of FRSD was -1.98 m³ha-1,
and had negative effect on runoff. Large amounts of evaporation in FRSD and better retaining function made runoff
decreased with increasing the area of FRSD. Therefore,
FRSD played a role in water and soil conservation. RCCs
of FRS2 and RNG2 were positive, represented the area of
FRS2 and RNG2, and were consistent with runoff, mainly
because of smaller evaporation in FRS2 and RNG2 compared with FRSD. Moreover, FRS2 and RNG2 in Shanxi
province had low cover degree and were located in sloping fields on hilly regions. It was difficult to have better
effects to retain slope runoff.
RCC of AGRR was negative, which showed that the
increase of AGRR influenced by human activities is contributing to runoff decrease. Although a part of irrigation
water will return to the river channel, finally, agricultural
activities, such as plough the earth and reclaim virgin land,
facilitated water infiltration process to a large extent, and
restrained the increase of conversion from precipitation to
runoff. In addition, the large amount of evaporation in
AGRR was also a factor.
Increase of URHD had a great contribution to the runoff increase. Construction of buildings, parking lots and
paved roads increased the impervious cover in a watershed
and reduced infiltration. With development, the hydraulic
efficiency of flow was increased through artificial channels,
curbing and storm drainage and collection systems. The net
effect of these changes was an increase in volume and velocity of runoff.

resources” would decrease runoff. Runoff in scenario b
“Return the grain plots to grassland” was smaller than that
in scenario a “Return the grain plots to forestry”, but still
had the positive effect on runoff. The annual average
runoff of the current scenario and scenarios a, b, c, and d
were 7.27m3 s-1, 8.30m3 s-1, 8.26 m3 s-1, 4.50 m3 s-1, and
5.36 m3 s-1, respectively.
Vα (α = 1, 2, 3, 4, 5), the RCCs by unit area of FRSD,
FRS2, RNG2, AGRR and URHD were -1.98 m³ ha-1, 8.89
m³ ha-1, 6.51 m³ ha-1, -3.36 m³ ha-1 and 6.39 m³ ha-1, respectively. For the unit area, the order of runoff contribution capability of each land-use was FRS2>RNG2>
URHD> AGRR>FRSD. RCC values of FRS2, RNG2 and
URHD were positive, represented the area of 3 types of
land-use, and were consistent with runoff while RCC of
FRSD and AGRR were negative which meant runoff
would decrease with the increase of these two types of
land-use.
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4. CONCLUSIONS
SWAT model was simulated in the main stream of
Zhuozhang River which achieved good simulations of flow
for long hydrological periods. During the calibration period
(2000-2004), R2 and Ens were 0.84 and 0.80 at the outlet
which indicated that the model performed very well in the
study area. During the validation period (2006-2010), the
values of R2 and Ens for the flow reached the overall acceptable values 0.72 and 0.69.
Four scenarios were set up and put into the calibrated
SWAT model. Annual runoff changes showed similar tendency in all 5 scenarios. In practical terms, LUCC had no
significant effect on annual runoff during the months with
limited precipitation and runoff. During the flood season,
scenarios of “Return the grain plots to forestry” and “grassland” contribute to the increase of runoff while “Increase
cultivated land area appropriately” and “Exploit reserved
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ABSTRACT
Organic pollutant gases can cause severe damage to
both materials and people and have received much attention as a problem in the indoor environment. In this paper,
1-butyl-3-methylimidazolium chloride (C4mimCl) was employed as sensing material coated on quartz crystal microbalance (QCM) for the detection of organic vapors. The experimental results indicated that the C4mimCl/QCM sensor
showed fast response, excellent sensitivity and good reproducibility towards organic acids. There was a good
linear relationship between the frequency response and the
testing concentration of these organic acid vapors. The
results also indicated that C4mimCl/QCM sensor could be
a good candidate for the real-time detection of organic
acid vapors.

of materials has been used as sensing material to modify
the surface of QCM sensor such as polymeric materials,
organic macromolecules, semiconductor metal oxides,
metal-organic frameworks and ionic liquids etc [11-15].
Ionic liquids (IL) are the compromising choice for the
sensitive coating of the QCM sensor not only because
they have unique properties such as good stability, low
cost, nonvolatile, and recyclable properties, but also because they can support many types of intermolecular
interactions such as π-π interaction, hydrogen-bonding
and dipolar interactions, etc. [16-19].
In this paper, 1-butyl-3-methylimidazolium chloride
(C4mimCl) was immobilized on the silver electrode surface of quartz crystal resonator to detect formic acid gas
and acetic acid vapors. The sensitivity and reproducibility
of the C4mimCl/QCM sensor were investigated and discussed in this paper.

KEYWORDS:
Ionic liquid; Sensor; QCM; Organic acid

2. MATERIALS AND METHODS
2.1 Reagents and Instruments

1. INTRODUCTION
Organic acids (e.g. formic acid and acetic acid) are
important compounds in the indoor environment. They
have the potential to degrade calcareous materials (shells,
eggs, tiles and geologicalspecimens), damage papers,
corrode or tarnish metals (copper, lead, etc.) and even
pose health risks [1,2]. It is therefore necessary to develop
a sensitive, real-time, cost-effective and portable monitoring method for organic pollutant gas.
A number of methods have been investigated to detect organic pollutant vapor including gas chromatography [3], optical methods [4], piezoelectric methods [5]
and electrochemical methods [6], which give reference to
the monitoring of organic acids. Among all kinds of sensors, quartz crystal microbalance (QCM) sensor has attracted great attention for its low cost, compact volume,
easy portability and high sensitivity [7-10]. However, the
sensitivity and selectivity of the QCM sensor depends
greatly on the nature of the sensitive layers. A great amount
* Corresponding author

Ionic liquid, 1-butyl-3-methylimidazolium chloride
(C4mimCl), with 99% purity, was bought from Shanghai
Dibo Chemical Reagent Co.,Ltd. Dichloromethane, formic
acid, acetic acid and ethanol were all of analytical grade,
and they were used as received without further purification.
De-ionized water was used in all studies.
A 7.2 MHz QCM was used in this work, and the
QCM resonator was a AT-cut quartz crystal sandwiched
between two silver electrodes of 0.20cm2. A Model Princeton Applied Research QCM 922 connected with a personal
computer was used for frequency measurements.
2.2 Preparation of coatings

The quartz crystal was rinsed with ethanol and deionized water to remove stain residues on the electrode
surface and dried in nitrogen before use. C4mimCl was
dissolved in dichloromethane to obtain a coating solution
with the concentration of 10mg/mL. By dipping the
quartz crystal in the coating solution for a certain time, a
thin film was obtained when the solvent evaporated. Excess coating materials on the edge of the quartz crystal
outside the silver electrode were wiped off by using a
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dichloromethane-soaked filter paper. An appropriate film
thickness could be obtained by controlling the coating
time.
2.3 QCM Measurement

The QCM measurement system is the same as the experimental setup reported elsewhere [20], except the volume of the sensing chamber was 1400mL. All measurements were carried out at room temperature (~25℃). A
micro-injector was used for analyte injections. The concentration of injected analyte in the sensing chamber was
calculated in per million according to the following equation:

C=

shift increased with increasing formic acid vapor concentration. The values were 1.0, 5.3, 21.1, 70.0 and 125.1Hz
at maximum respectively when the concentrations of
formic acid vapors were 1µg/L, 2µg/L, 3µg/L, 6µg/L and
10µg/L. This was expected, since the more vapor molecules in the test environment, the more vapor molecules
could be adsorbed into the IL film.

P* M V
• ×10−3
RT V0

(1)
where C is the concentration in µg/L, P* is the saturated vapor pressure of pure organic acid liquid at experimental temperature, M is the molecular weight of sample, T is the temperature of detection chamber, V is the
volume of injected saturated vapor and V0 is the chamber
volume.
The sensing chamber was purged with a steady flow
of pure dry N2 for 20min after the QCM sensor was
mounted. The initial frequency response was recorded at
the end of the purge. The analyte was injected into the
sensing chamber and the frequency was recorded simultaneously. The frequency shifts were calculated based on
the difference between QCM frequency responses of the
sensor when exposed to the organic vapor and N2.
3. RESULTS AND DISCUSSION
3.1 The response of C4mimCl/QCM sensor to organic acid
vapors

Fig.1 shows the frequency shift of the C4mimCl/QCM
sensor when exposed to the vapors of various concentrations. The base line has about 0.3Hz noise. As shown in
Fig.1(a), the frequency of the C 4mimCl/QCM sensor
dropped immediately when a certain concentration of formic
acid vapor was introduced. This response is based on detection of mass loadings, where the adsorption of formic acid
vapors to the IL film decreases the frequency of the quartz
crystal. The results follow the Sauerbrey equation.
ΔM s
(2)
Δf = -2.26 × 10 −6 f0 2
A
where f0 is the intrinsic frequency of piezoelectric
crystal, Δf is the frequency shifts(Hz) of the QCM sensor,
ΔMs is the mass change on the sensor surface, A is the
area of quartz crystal electrode. Negative frequency change
means that adsorption of organic vapors caused in a frequency decrease on the IL/QCM sensor according to
Equation 2. The adsorption equilibrium of formic acid
vapors in IL film can be reached in a few minutes and the
maximum frequency shift (Δf) can be obtained. It can be
also observed from Fig. 1(a) that the maximum frequency

FIGURE 1 - Frequency shift of the C4mimCl/QCM sensor when
exposed to the vapors of various concentrations: (a) formic acid gas;
(b) acetic acid gas

The results in Fig.1(b) presented a similar trend of the
frequency shifts as in Fig.1(a). With the increase of concentrations, the maximum frequency shifts of the QCM
sensor when exposed to acetic acid vapors also increased
except that the value of maximum frequency shifts was
different. For acetic acid vapor, the frequency shifts were
10.2, 33.6, 51.1, 101.9 and 195.4Hz at maximum when
the concentrations of acetic acid vapors are 1µg/L, 2µg/L,
3µg/L, 6µg/L and 10µg/L, respectively. All these results
showed that the C4mimCl/QCM sensor had an excellent
sensitivity for the formic acid and acetic acid vapors.
The observed response time that includes the time for
the organic vapor to reach adsorption equilibrium and the
time to fill the sensing chamber (1400mL) was not more
than 500s, which was close to that of other reports [21,
22]. All these results showed that C4mimCl/QCM sensor
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had a fast response to organic acid vapors at room temperature.
In the whole process, there was no evaporation loss of
C4mimCl that was nonvolatile at the experimental temperature, so that the stability of the sensor can be ensured.

3µg/L formic acid vapors were injected into the
chamber three times successively, as shown in Fig. 3(a).
The frequency maintained at a stable level until 3µg/L formic acid gas was injected, which caused a sharp frequency
decrease of 23.1Hz. The second injection was carried out
when the frequency value reached a relatively steady state.
It can be seen that the C4mimCl/QCM sensor performed
in a reproducible manner for the second and the third
injection. And the frequency shifts of the C4mimCl/QCM
sensor were 22.1Hz and 22.7Hz, respectively. The maximum frequency shifts caused by the three times injection
were not exactly the same but fairly close (with a relative
deviation smaller than 2.3%), which indicated that the
sensors showed a good reproducibility.

3.2 Sensitivity of the C4mimCl/QCM sensor

As shown in Fig.2, calibration curves were constructed
for determination of the organic acid vapors by plotting of Δf against various concentrations (C) of the organic acid
vapors. Good linear correlation was obtained with the correlation coefficients (R2) were respectively 0.992 and 0.993
for formic acid and acetic acid. The slopes of individual
line show the response difference of C4mimCl/QCM
sensor exposing to different organic vapors. The QCMsensitivity, which can be defined as the frequency decrease according to unit vapor concentration change, was
equal to the slopes of the calibration curves. The slopes of
the two lines were 14.41 Hz/(µg/L) and 20.12 Hz/(µg/L)
for formic acid and acetic acid, which means that the
C4mimCl/QCM sensor had higher sensitivity for acetic
acid than for the formic acid vapor. This is because the
QCM sensor is mass sensitive, and when it is exposed to
different organic acids with the same concentrations,
larger molecular weight causes higher frequency response.
Generally, it is concluded that as the molecular weight of
the tested analyte molecule increased, the sensitivity of
the QCM sensor increased and the response of the quartz
crystal increased. The sensitivity of the C4mimCl/QCM
sensor could be further improved by increasing the thickness of the coating film [23].

	
 

FIGURE 2 - Calibration curves for the determination of formic acid
and acetic acid

FIGURE 3 - The frequency shifts as the time when the same concentration of organic gas was added at different times:(a) formic acid
gas, 3µg/L ; (b) acetic acid gas, 2µg/L.

3.3 On-line Monitoring Simulating Tests

Online monitoring of concentration variation of pollutants is very important for a sensor especially in a relatively closed environment, where the concentration of the
pollutants will usually go up continuously. A simulation
experiment was performed through injecting the pollutant
gases into the chamber in batches and recording the frequency change simultaneously.

The whole plot of frequency shifts versus time seems
like a ladder, which indicates that the C4mimCl/QCM sensor would keep adsorbing formic acid molecules with the
increase of the vapor molecules in the test atmosphere. The
sensor could be applied for continuous measurement in
antique conservation environment, where the concentrations of pollutant gas always keep increasing.
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A similar profile was obtained when the 2µg/L acetic
acid vapor was injected into the chamber three times.
The maximum frequency shifts were 33.0, 30.1 and
31.5 Hz respectively (with a relative deviation smaller
than 4.7%), which also shows the good reproducibility
of the C 4mimCl/QCM sensor. The sensitivity of the sensor was higher for acetic acid than for formic acid, which
was in good agreement to the conclusion of the previous
section.

4. CONCLUSION
The C4mimCl/QCM sensor showed a fast response,
good sensitivity and reproducibility to formic acid and
acetic acid vapors. As the concentration of injected analyte increased, the maximum frequency shift increased. A
good linear correlation was presented between the maximum frequency shifts and various concentrations of the
organic acid vapors, and the C4mimCl/QCM sensor had
higher sensitivity for acetic acid than for the formic acid
vapor. The results also indicated that C4mimCl/QCM
sensor could be a good candidate for the real-time detection of organic acid vapors.
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ABSTRACT
This study was designed to evaluate trace elements in
bottled water. Five brands of the most commercialized
spring and purified waters sold in Shanghai were collected
in January, 2013. Water samples were measured for Cr,
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Ba, Pb and Bi using
an inductively coupled plasma mass spectrometry equipment. Anions, such as SO4, Br, NO2, F-, NO3 and Cl- were
detected using ion chromatography. The results of spring
water were compared to Chinese standard GB 8537-2008
for spring and natural water, which showed an over limit
for Se. The results of bottled purified water were also compared with the Chinese hygienic standard for bottled water
GB 17324-2003, which showed an over limit for Cl-. The
results were also compared with Food Drug Administration standard for bottled water and all results, except Pb,
NO3 and Cl-, were in compliance with the limit. Trace elements, such as As, Cd, Br and NO2, were not detected in
all the spring and purified bottled water samples. Overall,
these results highlight the importance of considering heavy
metals and anions in bottled water.
KEYWORDS:
Trace elements, spring water, purified water, ICP-MS, IC

1. INTRODUCTION
Access to safe drinking water is a recognized basic
human right and an essential component in protecting human health. The deteriorating drinking water quality has
become a hazard of concern to consumers, as it poses a big
threat to their health and well-being. Household piped water
supplies have been found to be contaminated with impurities affecting color, taste, turbidity and odor [1]. This has
caused many consumers to seek out bottled water as an alternative for their water consumption needs. The consumption of bottled water has been rising, in spite of its increasing
costs. The market size of bottled water in China for the year
2012 was around 69,000 million RMB (renminbi) corre* Corresponding author

sponding to 24.000 million L, and is expected to increase
to a total of 26,000 million L for a value of 74,000 RMB
[2-6].
Many people consider bottled water to be a better,
safer choice for consumption compared to their household
tap water. Bottled water contains plenty of trace elements
which are added either during the purification process, or
from the natural sources as is the case for spring water,
the most commonly used source [7]. These trace elements,
metals and anions found in the bottled water or spring
water carry a binary role for the water’s consumers. Some
of them are essential for the human metabolic and reproductive systems. The appropriate dosage has a positive effect.
For example, manganese and selenium maintain a healthy
nervous system, normal blood sugar levels, protect cells
from free-radical damage and infection while the lack of
these trace elements can raise the marginal deficiency of
essential minerals, and promote chronic diseases like cardiomyopathy [8]. As a counterargument, some trace elements, such as arsenic and cadmium, have toxic effects to
humans. Beyond a certain level in drinking water, these
heavy metals are a big health hazard and can cause many
chronic diseases. This has been demonstrated in many
studies performed in China and worldwide [1], pointing
out the route of the pollution as a major concern [9-10].
Determining trace elements in the bottled water as
well as spring water or purified water requires different
tools sensitive enough to measure their low concentrations.
Recently, inductively coupled plasma mass spectrometry
(ICP/MS) has become an imperative measurement tool
for heavy metal detection at a low level. In addition, the
ICP/MS also allows determining the quality and quantity
of composition in the studied samples. For this purpose,
ICP/MS was used to quantify the following metals: Cr,
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Ba and Pb. Ion chromatography (IC) has more practical meaning for measuring the water anions. The IC enables a direct measurement of SO4, Br, NO2, NO3, F- and Cl- [11].
Purified and spring water differ in their origin and the
treatment procedure. Spring water is underground water,
which is less vulnerable to pollution (i.e. safe for human
consumption without further treatments). There is no requirement for a steady mineral composition of the spring
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TABLE 1 - Selected trace element limits regarding the Chinese bottled standards and FDA quality standard.
Bottled water standard
Elements
Units /liter
GB8537/2008 [12]
GB17324/2003 [12]
FDA standard [13]
Cr
µg
50
-100
Mn
µg
400
-50
Fe
µg
--300
Co
----Ni
µg
20
-100
Cu
µg
1000
1000
1000
Zn
µg
--5000
As
µg
10
10
10
Se
µg
5
-50
Cd
µg
3
-5
Ba
µg
--2000
Pb
µg
10
10
5
SO4
mg
--250
Br
mg
700
-2000
NO2
mg
0.1
0.002
1
NO3
mg
45
-10
Fmg
1.5
--Clmg
-6
4
-= Not available, GB8537/2008 = Spring water, GB17324/2003 = Purified water, FDA = American Food and Drug Administration

water. Besides, most of the bottled waters studied were
purified waters taken from different sources, such as rivers or lakes. Unlike spring water, the purified water can
incur production process, chemical treatment, and might
be enriched with minerals [3].
Information given by water companies only includes
few major components, such as Mn, Na, and Fe. The aim
of this study was to measure the levels of the trace elements
(Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Ba, Pb) and anions (SO4, Br, NO2, NO3, F- and Cl-), and to compare the
results with different bottled water standards [13].
2. MATERIALS AND METHODS

7700, USA) with the element standards solution (XCCC_13A/
SPEX Certiprep). The concentrated standard solution was
serially diluted with pure water (Millipore gradient) to prepare 0, 0.5, 2, 10, 30 µg/L. The anions SO4, Br, NO2, NO3, Fand Cl- were measured by ion chromatography (IC) (Dionex ICS 1000, USA). The ion standard solutions were prepared by a mix standard solution (seven ions). The calibration of the standard varies depending on each anion
measured; for each anion measured, five calibration
standards were prepared each time.
In order to reflect the quality of the water as drank,
filtration process was not carried out in the spring and
purified bottled waters.

2.1 Sample preparation

In this study, bottled water was divided into two groups:
purified bottled water (2 brands) and spring bottled water
(3 brands). A total of five commercial brands of bottled
water and spring water were purchased randomly from
retail stores and supermarkets in Shanghai, China.
All the bottled waters were given a code name during
this study to keep the anonymity of the brands investigated.
The codes were S1 and S2 for spring bottled water and
P1, P2 and P3 for purified bottled water. All the bottle
containers are made from polyethylene terephthalate (PET)
with plastic screw caps. Bottle’s size was small (330 ml) or
median (550 ml). The purchase time was January 2013,
and they were produced in 2012. To examine the variability of the trace elements of metals-ions, each brand of bottled
water selected was duplicated 3 times. All the water bottles were stored at 4 °C in the dark until analysis time, and
storage time was < 48 h.
2.2 Techniques

The metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd,
Ba, Pb) were determined by using ICP-MS analysis (Agilent

3. RESULTS AND DISCUSSION
The results obtained in this study were compared with
different standards, such as American Food and Drug
Administration (FDA) and National Chinese Standards
(GB8537-2008 for natural mineral and spring bottled water,
and GB17324-2003 for the hygienic standard for bottled
purified water) (Table 1).
The results of Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd,
Ba, Pb, Bi, SO4, Br, NO2, F-, NO3 and Cl- in spring and
purified bottled water are shown in Figs. 1-5. Arsenic (As),
barium (Br), cadmium (Cd) and nitrite (NO2) were not detected totally, possibly due to the advanced treatment done
for bottled water.
Due to the carcinogenic chromium (Cr) effects [1], the
regulatory FDA limits for bottled water and the Chinese
standard GB8537-2008 were 100 µg/L and 50 µg/L, respectively. In all the samples of spring and purified water
in this study, Cr was detected at a levels lower than the
limit (Figs. 1-5).
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All the studied bottled water contained a very small
amount of manganese (Mn), with a concentration range
between 0 and 5.83 µg/L (Figs. 1-5). This result was
found to be below the recommended standard value of
FDA (50 µg/L) and Chinese standards for spring-mineral
water (400 µg/L). The main health concern regarding Mn
is the neurotoxicity and the alteration of genes [14].
Iron (Fe) is not a regulated element in Chinese
standards; however; FDA put a maximum allowable limit
(0.3 mg/L). The current study results showed that Fe in
all the samples was found below the FDA limit. This
could be most likely due to the absence of plumbing material for the bottled water versus that present for the tap
water [1].

In some of the samples, low levels of cobalt (Co) were
detected. There is no proposed value for the maximum limits
for Co in FDA or in Chinese standards. However, many
studies suspected toxic effects of high doses of cobalt intake, and reported its effect on some tissues [15].
In most of the samples, nickel (Ni) was not detected.
However, in some samples, even though detected, its occurrence was found to be below 3.42 µg/L. This level is approximately 6 times lesser than the Chinese standards for
spring water (20 µg/L) and 27 times lesser regarding the
FDA quality standard for bottled water (100 µg/L).
Copper (Cu) in the drinking water is mainly associated with corrosive piping and plumbing materials, or hard
groundwater. According to the WHO report, the longtime
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bioaccumulation of Cu can cause metabolic disorder [1].
The FDA, the spring water standard GB8537-2008 and
hygienic standard for purified water GB17324-2003 have
all set the maximum level of Cu at 1000 µg/L. The results
of Cu analyzed from spring and purified water showed
very low occurrence.
None of the samples exceeded zinc (Zn) level
(0.49 µg/L), which is a minor concern in the drinking
water. In fact, only FDA sets a standard threshold for Zn
(5000 µg/L). The source of Zn in drinking water can be
from many routes, such as geological formation and corrosive piping system [16].
Concentrations of barium (Ba) display a very low
level in all the studied samples. Those concentrations
remain much lower than the FDA and the Chinese spring
bottled water standard (200 µg/L and 700 µg/L, respectively).
Bismuth (Bi) maximum level was not considered by
any legislation. Bismuth concentrations in the measured
spring and purified waters were only detected in 2 samples
of spring water, at concentrations of 0.42 and 0.91 µg/L.
Sulfate (SO4) was not detected in the other water
samples, except P3 bottled water, with a large concentration varying from 1.29 mg/L to 75.16 mg/L. There is no
available maximum concentration for sulfate in the Chinese standard for spring or purified bottled water; nevertheless, the FDA quality standard for bottled water has set
the sulfate limit at 250 mg/L. All the samples with detectable sulfate did not reach this level. It has been reported that
the SO4 occurs naturally or from industrial discharges [1].
From all the 5 brands of spring and purified bottled
water studied, the fluoride (F -) concentration was detected only in P3. The maximum F- concentration was
found to be about 4.7 mg/L. Neither, the Chinese legislation
(GB17324-2003 for purified water) nor the FDA considered F- concentrations. Fluoride is widely distributed on
the earth. High concentrations are reported in many areas
in the world, such as China and India [1]. Fluoride can
also have a beneficial aspect for the prevention of dental
caries [1], although excessive doses of fluoride are responsible for dental fluorosis, skeletal fluorosis as well as
kidney and liver damage [17].
Lead (Pb) was mostly not detected in the measured
samples. However, small amounts of lead were detected
in 4 samples. Suggested concentration made by Chinese
spring bottled standard GB8537-2008 and hygienic standard for purified bottled water GB17324-2003 are both at
10 µg/L. However, the allowable lead limit by the FDA is
5 µg/l. The obtained results showed a single detection at a
level of 7.22 µg/L in spring bottled water, being slightly
higher than the FDA regulation, but it remains compliant
with both Chinese legislations. The single occurrence of
lead can be explained by the fact that bottled water does not
run into piping systems made from non-PVC materials.
Chloride (Cl-) has a pathogenic source to clean the
water from different germs as coliforms. Chloride was

included in the hygienic standard for purified bottled water
(6 mg/L). Despite, a limit of 4 mg/L was set as a standard
by the FDA. It was observed that all the samples measured contain Cl-, and the maximum detected concentration
was 9.25 mg/L. Two samples were found to exceed the
hygienic standard for purified bottled water, and 7 samples were over the limit of the FDA quality standard.
Much higher concentrations of selenium (Se) were
found in most of the samples analyzed from spring and
purified water. Regarding the Chinese spring bottled water
standard only (set at 5 µg/L), the FDA quality standard
for Se allows more generous levels (50 µg/L); most of the
samples studied were beyond 5 µg /L but remained much
lesser than the threshold of 50 µg/L. Selenium is a toxic
element, and high exposure to Se causes illnesses, such as
diabetes and cardiovascular diseases. Generally, Se is present in the earth’s crust [18, 19].
Nitrate (NO3) concentrations in the studied samples
were all below the GB8537-2008 for spring bottled water
which is set at a maximum level of 45 mg/L; 3 samples were
higher than the FDA quality standard which is 10 mg/L. The
main health concern about nitrate is that for infants; a short
exposure time to NO3 can lead to the blue baby syndrome
[1].
Among bottled water GB17324-2003) and the FDA
quality standards, lead (Pb), chloride (Cl-) and nitrate
(NO3) are found exceeding the later quality standard. Se
in spring bottled water was over the limit regarding the
legislation for mineral and spring water only. The chloride levels in some samples of bottled purified water were
also higher than purified bottled water legislation limit. It
is important to notice that the Chinese standards for purified water have very few elements taken into account.
However, FDA quality standards consider a wider range
of elements including those missing from Chinese standards.
The trace elements detected were found in both spring
and purified water, or in some samples of them, but no
occurrence specification can be made in one kind of bottled
water, generally due to occurrence in both of them.
4. CONCLUSIONS
It can be deduced from the investigated spring and
purified waters that the quality is satisfactory for consumption, especially given that some elements, such as Cr, As,
Cd and NO2, are not detected. Some elements, such as Cl-,
were found above Chinese and FDA standard limits. The
NO3 and Pb concentrations were found exceeding the
limit of FDA quality standard. The Se levels were also
found to be above the Chinese legislations for mineral and
spring water Gb8537-2008. The Cr. Mn, Fe, Co, Ni, Cu,
Zn, As, Cd, Ba, Bi, SO4, Br and NO3 were detected but
below the Chinese and FDA standards.
However other trace elements are not regulated ones
in legislations but taken into account in this study, such as
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Co, Br, Fe, and SO4, which can have a big impact on
consumer health. It is a necessity to expand the range of
elements included in the bottled water legislations, such
as the Chinese hygienic standard for purified bottled water, which reports only on few trace elements.
Also, it is highly recommended for water companies
to adopt a transparent policy regarding labeling and indicating trace element content in branded water, given the
fact that the consumers have the right to access information, as continued consumption might raise some
health concerns.
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A SYSTEM DYNAMICS APPROACH
TO A COMPREHENSIVE ASSESSMENT OF
WATER STRATEGIES: A CASE STUDY OF NORTH CHINA
Ji-Chao Li, Yun-Yue He* and Chang-Jun Fan*
College of Information Systems and Management, National University of Defense Technology, 410073 Changsha, China

ABSTRACT
In this study, a new approach for identifying the optimal water strategy is presented, for the purpose of achieving sustainable development of water resources, incorporating System Dynamics (SD) and the Comprehensive Benefit
Assessment model. A complex SD model is therefore developed using the Vensim PLE SD software package, which
reflects interactions between water resources, ecology, society and the economy. On this basis, we advance a Comprehensive Benefit Assessment model to give an all-around
assessment of a chosen water resource system. A case from
North China has been studied to illustrate the applicability
of the new approach. The credibility and validity of the
SD model is confirmed with datasets from the years 20042011; the average simulation error is only about 2.6%.
The water supply and demand of North China in 2030 is
predicted, which foretells a huge water shortage. The new
approach is then employed to assess the impacts of the
four water strategies: storage, desalinization, water saving
and sewage treatment. Results show that when the investments in water conservancy facilities reach 0.5% of the
annual GDP, the maximum comprehensive benefit is obtained. Developing water desalination technology has been
proven not to be an economical measure in the short term.
The development of water-saving and sewage treatment
technology has a positive impact on increasing the water
supply, narrowing the margin between supply and demand,
enhancing sewage utilization, and improving the ecological
environment. However, excessive investments will slow
down the pace of economic development.
KEYWORDS: comprehensive benefit assessment, system dynamics, water prediction, water resources, water strategy

1. INTRODUCTION
North China is a geographical region in China, the
heartland of which is the North China Plain, or the Yellow
* Corresponding author

River Plain. Its coordinates are 110°—120° geographical
longitude and 32°—42° latitude. It contains some major
cities, such as Peking, the capital of China, and Tianjin, one
of the most important commercial cities in the north of the
country. Different industries are also located in this area,
like petrochemical plants and spinning production. Therefore, it is important from several agricultural, industrial and
population-based aspects. Multitudinous rivers flow through
this system, including the Yellow River, the Haihe and the
Huaihe. The rainfall in North China is uneven and
droughts, floods, and the alkali of the Huang-Huai-Hai
Plain all make for a serious cause for concern over water
supply. North China is one of the regions with the scarcest water supply in the country [1-3].
Water is one of the most essential supporting resources
of social-economic development. The regional water resource endowment decides the scales and the sustained
development capability of the regional social-economics,
whose development will, at the same time, give feedback
in response to the exploitation and utilization of water resources. There are other factors that also impact water supply. Economic development exerts great strain on the demand for water. Meanwhile, the investment in water supply projects and water recycling facilities during the economic accumulation will influence investments in other
departments. Therefore, the relationship between water resources and social-economic development is interactive and
complicated [4, 5].
Over the past few decades, numerous studies using a
computer-modeling framework have been held to better
understand water resource systems and enhance the system reliability with which they are associated. Simulation
models, in particular, are widely used and have become
the most common method for monitoring, planning, and
managing water systems. The complexity and versatility
within the mathematical simulation framework often make
it the most commonly used approach for evaluating alternative water management options [6-8]. Such a versatile
modeling environment facilitates the rapid generation and
evaluation of new alternatives and provides user-friendly
graphical interfaces. As a result, simulation models are
often applied to assist water resources planners in moni-
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toring systems and to evaluate operational policies and
alternatives to those policies [9].
System dynamics (SD) is a computer simulation modeling technique for framing, understanding and discussing
complex issues and problems [10]. It is very effective in
dealing with high level, nonlinear problems and multiple
feedbacks [11]. The system dynamics method has already
been applied to various fields, including but not limited
to, global systems of mobile telecommunication, software
evolution processes [12], engineering requirements in the
software development process [13], CO2 emissions from
the cement industry [14], energy and power-producing systems [15], market entrance strategies [16], airport terminal
analysis and performance evaluation [17], hydrological
systems [18], and policy scenario evaluations [19].
SD has been widely applied to water resources planning and management locally and internationally. A benefit of this modeling environment is the ability to interactively use it in a group setting to support joint fact-finding,
policy dialogue, and alternative evaluation. More recently,
this modeling system has been applied to communicate the
complexity of a resource system to a broad stakeholder
audience by building support for environmental management decisions and policy making [20]. The potential impacts of future climate change on stream flow and reservoir operations have also been demonstrated with SD in a
northern American prairie [21]. Wu [22] developed a System Dynamics (SD) model to simulate the water supplyand-demand process in Bayingolin, a prefecture in China,
and to evaluate water resource vulnerability, both now and
in the future .
In this paper, a comprehensive benefit assessment model
was constructed. The SD model, which is embodied in the
Comprehensive Benefit Assessment model, was constructed.
The Comprehensive Benefit Assessment model consists of
four subsystems: water resource, economy, population and
ecology. For each subsystem, we discuss its internal relations in detail and give formulaic descriptions. Statistical
data from North China is used to verify the model. We
combined the SD model and the Comprehensive Benefit
Assessment model to evaluate the water strategy for storage, desalinization, and conservation. After analyzing the
results, many meaningful conclusions were obtained, which
are helpful for decision-makers.

2.2 Establishment of SD Model

A water resource system is a composite, composed of
many interrelated subsystems, including ecological, economic, and social aspects. Figure 1 shows the structure of
the water resource composite system and the interactive
relationships within.

FIGURE 1 - Structure frame of water resource composite system

In this paper, a water resource SD model is established with four aspects: the water resource subsystem,
the economic subsystem, the social subsystem and the
ecological subsystem.
2.2.1 Water Resource Subsystem

In this part, the water cycle is analyzed, as it pertains
to the economic and social life, as shown in Figure 3.
In the water resource subsystem, the freshwater resources in a region mainly come from two avenues: natural formations (rainfall, lakes, rivers, etc.) and sewage
treatment. The demand for water is dependent on the
different characteristics of its manufacture, as well as on
local life and ecology, which also affects the water supply. Between people inhabiting the area and the manufacturing industry, tons of sewage is generated. Sewage plays
an important role in the water cycle, which could either be
reutilized by sewage treatment facilities and/or natural
purification. The main equations are listed as follows:
TSC = IV _ TSC + ∫ (WRSR + STR + SSR − EPWSR − DWSR − EWSR)

(1)

EPWSR =

2. MATERIALS AND METHODS

EPWST
* TSC
EPWST + EWST + DWST

(2)
(3)

2.1 Data

EPWS = IV _ EPWS + ∫ EPWSR

All data in the SD model was taken from the “China
Environment Network”1, the “China Statistical Yearbook”2,
the “China Water Resources Bulletin”3, and the “National
Bureau of Statistics of the People's Republic of China”4.

Note: TSC-Total storage capacity, IV_TSC-Initial
value of TSC, WRSR-Water resources formation rate,
STR-Sewage water quantity, SSR-Sewage self-purification
rate, EPWSR-Economic production water supply rate,
DWSR-Domestic water supply rate, EWSR-Ecological
water supply rate, EPWST-Economic production water
shortage, EPWS-Economic production water supply,
IV_EPWS-Initial value of EPWS

1

	
  http://www.chinaenvironment.com/news/tjbg/s/	
  
	
  http://www.stats.gov.cn/tjsj/ndsj/	
  
3
	
  http://www.mwr.gov.cn/zwzc/hygb/szygb/	
  
4
	
  http://www.stats.gov.cn/	
  
2
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FIGURE 2 - Water resource composite system SD model
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FIGURE 3 - Water resource subsystem

FIGURE 4 - Economic subsystem

Sewage treatment capacity could be improved as the
investment total increases, but this does not necessarily
improve the level of available fresh water, which instead
decreased. Here, we could use an exponential function to
describe the dynamic changes over time for sewage treatment capacity. Following is the major description equation:

SU = MST − EXP(− ICF * STNAV )

(4)

Note: SU-Sewage utilization, MST-Maximum sewage treatment, ICF-Investment conversion factor, STNAVSewage treatment net asset value

2.2.2 Economic Subsystem

In the economic subsystem, GDP is a general tool to
reflect a region’s economy level. When GDP grows, a part
of it could be used to increase the sources of fresh water,
some can be used to purify freshwater, some to increase
water conservancy facilities, such as the construction of
dams or digging fresh water wells. Yet another portion of
money could be used for sewage treatment with filtration
of recyclable water. Figure 4 shows the structure of this
economic subsystem.
The economic growth model is a simple exponential
model. Since China is still in the stage of a developing
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country, economic growth momentum remains endogenously strong. We added the limitations of water supply
for economic growth. The major equations are:

GR = GDP * EWGR * EGP − CWST

EWDR
⎧
⎪⎪1, if EWSR ≥ 1
EWGR = ⎨
⎪ EWDR
⎪⎩ EWSR

Since we just discussed a relatively short process, the
population will not achieve the maximum environmental
carrying capacity.

(5)

(6)

Note: GR-GDP growth rate, EWGR-Economic water
guarantee rate, EGP-Economic growth proportion, CWSTCost of water saving technologies, EWDR-Economic water
demand rate, EWSR-Economic water supply rate
In reality, some of the GDP would be used to invest
in the construction of some water resource-related facilities. Though the immediate reward is little, it is vital to
preserve long-term economic and ecological benefits. In
our model, we do not take this part of investment into
account in the next round of economic growth.

TP = IV _ TP + ∫ ( PGR − PRR)

(8)

PGR = PGP * TP * DWGR

(9)

Note: TP-Total population, IV_TP-Initial value of
TP, PGR-Population growth rate, PRR-Population reduce
rate, PGP-Population growth proportion, DWGR-Domestic
water guaranteed rate
2.2.4 Ecological Subsystem

The ecological environment is composed of many
factors, including trees, the atmosphere, lakes, surface
soil, etc. The water supply in an ecological system encompasses surface soil water purification, precipitation,
etc., and water demand in this system includes trees, watering, atmospheric evaporation and so on. This subsystem interacts closely with others, which may be of high
importance. Figure 6 shows the structure of the ecological
subsystem.

GDP = IV _ GDP + ∫ (GR − WCIR − STIR − EIR)

(7)

Note: IV_GDP-Initial value of GDP, GR-GDP growth
rate, WCIR-Water conservancy investment, STIR-Sewage
treatment investment, EIR-Ecological investment rate.
The above are the main parts of our economic subsystem model, which clarify the economic growth and state
investment effectiveness.
2.2.3 Social Subsystem

In the social subsystem, we consider only people. People consume a lot of fresh (domestic) water in their daily
lives and the amount of water used is proportional to the
population. Figure 5 shows the structure of the social subsystem:

FIGURE 6 - Ecological Subsystem

The ecosystem model is simple, and economic input
mainly contributes to its higher level of ecological construction. Factors such as contaminated water can affect
the level. The ecosystem-changing equation is as follows:

ECR = EWGR * ECC *(1 − EXP(− ENAV * EACF ))* ECL
(10)

ECL = IV _ ECL + ∫ ( ECGR − SDDQ * PIF )

(11)

FIGURE 5 - Social subsystem

Note: ECR-Ecological construction rate, EWGREcological water guaranteed rate, ECC-Ecological construction coefficient, ENAV-Ecological net asset value,
EACF-Ecological assets conversion factor, ECLEcological construction level

A modified exponential population-changing model
was built to characterize population growth. The growth
rate was then restricted by the water resource scarcity.

The ecosystem interacts closely with the outside, and
introduces a lot of effects on the other systems. Most
significant of all is the impact on the natural water purifi-
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FIGURE 7 - Evaluation index system for SD model; the weight of the index is determined by the Delphi method

cation capability. Sewage self-purification in a better
ecological system is surely stronger than that in a poorer
ecological environment. The following equation portrays
this concept:

SSC = MSS − EXP(−CSC *ECL)

2.3 Comprehensive Benefit Evaluation Model Based on AHP

The evaluation of the water resource system is a multi-objective decision-making process and we not only
pursue the maximum economic benefits, but also consider
the environmental and social profits. Accordingly, a comprehensive benefit evaluation model for water resource
utilization has been established, based on the analytical
hierarchy principle (AHP) method.
Since the dimensions of different indexes differ greatly, it is meaningless to compare directly without standardized processing. Formulas (13) and (14) express the
standardized statistical indicators process.

X actual value − X min
X max − X min

(13)

X max = max[ X actual value ], X min = max[ X actual value ] (14)
Based on the analysis, the water resource comprehensive benefit evaluation model is built as follows:

R = W * X dim ensionless 	
   value
Here

R = (r1 , r2 ,..., rn )

(15)

indicates the evaluation re-

sults of n different water strategies,

matrix of n strategies for m indexes.

(12)

Note: SSC-Sewage self-purification capacity, MSSMaximum sewage self-Purification, CSC-Coefficient of selfpurification capacity, ECL-Ecological construction level

X dim ensionless 	
   value =

W = ( w1 , w2 ,..., wm ) depicts weights of m evaluation indexes, and X = ( xij ) m*n is the dimensionless data

3. RESULTS AND DISCUSSION
3.1 Verification of SD MODEL

To determine the values of various parameters, many
useful methods are available, including statistical data
assignment, statistical regularity fitting, and appropriate
estimate and data tests. We then used the created SD
model to perform some numerical simulations. The results
of the predicted and actual values of some of the parameters are shown in Figure 8. The computer simulations are
in line with the actual result, which shows that our model
has high reliability and is able to fit the actual situation
satisfactorily.
In Figure 8, the error range of the parameters is as
follows: (a) GDP error within 2.6%, (b) Living Water
Consumption within 2.7%, (c) Economical Production
Water Consumption error within 7.9%, and (d) Population
error within 4.4%. The rationality and validity of the SD
model have been proven and a good description of the
dynamic evolution of a realistic water resource system is
certified. It can therefore be used to predict an area’s future
water resource conditions. It is predicted that up until 2030 in
North China, the water supply would be 546.62 hundred
million cubic meters, while the water demand would soar to
640.70 hundred million cubic meters, and that the water
shortage problem could not be avoided. It is suggested
that effective measures must be taken so as to mitigate the
water supply and demand inequality.
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FIGURE 8 - Comparison of the predicted and actual values of some of the parameters: (a) GDP, (b) Living Water Consumption, (c) Economical Production Water Consumption, and (d) Population.

3.2 Different Water Strategies

Water strategy aims at achieving the sustainable development and utilization of water function. It includes water
conservancy, water scheduling management, water planning, changing water prices, virtual water, etc. Here, four
water strategies have been discussed: water storage facilities, water desalinization, water-saving technology and
investments in sewage treatment. We simulated the substrategy changes by adjusting the parameters in our SD
model, and then evaluated the comprehensive benefits of
each sub-strategy under the comprehensive index evaluation system that we had previously established. Here we
chose to examine the state development in 2050 to describe
the satisfaction of consumers with the water strategy.
3.2.1 Water Storage Facilities

The realization of water storage is mainly from the
construction of water storage facilities. Increasing the
investments in water storage facilities can increase the
storage capacity, so as to increase the water supply to
some degree. Moreover, because of the complex interrelationship within the entire water resource system, increasing investments in water storage facilities can also exert
an influence on the social, economic and ecological subsystem. Figure 8 shows the simulation and prediction of

different parameters: (a) per capita GDP, (b) per capita
ecological resources, (c) living water shortage, (d) sewage
utilization, (e) annual water supply and (f) comprehensive
benefit in 2050 with different investments in water storage facilities.
It is clear that an increase of investment in water storage facilities will cause a decrease of other investments
and per capita GDP (Figure 9(a)). Per capita ecological
resource and utilization rate of sewage declined without
enough financial support (Figure 9(b) and 9(d)). Increasing the investments in water storage facilities can increase
the storage capacity so as to alleviate the living water
shortage (Figure 9(d)) and increase the water supply. However, the decline of utilization rate of sewage and the quality of ecological environment lead to a decrease of water
supply. Therefore annual water supply first increases and
then decreases with the increase of investments in water
storage facilities (Figure 9(e)). From Figure 9(f), we know
that when the investment in water storage facilities accounts for 0.5% of GDP, we obtain the highest long-term
benefits. In other words, too much investment in water
conservancy facilities is not conducive to the development
of an optimal system for society as a whole. This is mainly
because overabundant water conservancy investment causes
the destruction of the ecological environment.
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FIGURE 9 - The simulation and prediction of different parameters: (a) per capita GDP, (b) per capita ecological resources, (c) living water
shortage, (d) sewage utilization, (e) annual water supply and (f) comprehensive benefit in 2050 with different investments in water storage
facilities.
3.2.2 Water Desalinization

Increasing the amount of freshwater through saltwater
desalinization has become a popular environmental strategy in recent years, but the cost is too high to be efficient.
It costs about 7 RMB to desalinate a cubic meter of freshwater in North China. We choose different annual amounts
of desalinated water as a control variable, and got the
simulation results up to 2050 as Figure 10 shows.
As is shown by Figure 10(c) and Figure 10(e), water
desalinization has become an important means to increase
water supply and offer water shortages in North China.
Moreover, water salinization helps to improve the ecological environment (Figure 10(b)). However, just as Figure
10(a) demonstrates, water desalinization comes with a high
cost, leading to a decrease of per capita GDP, which may
impact economic development. Additionally, sewage
utilization remains almost unchanged when increasing
the volume of desalinated water (Figure 10(d)). From
Figure 10(f), we find that the greater the amount, the lower

the effective value in 2050. This is mainly because of the
high cost for saltwater desalination.
3.2.3 Water-Saving Technology

The development of water-saving technologies can
reduce the water demand of the whole society, but it requires a great deal of capital investment, which would
decrease the speed of the short-term economic growth.
The water-saving technology in our SD model corresponds
to the water-saving technology factor, which has a value
ranging between 0 and 1; for example, a value equal to
0.8 means that only 80% of the original demand is needed
in economic development. According to related statistics,
we fit the curve of the relationship between the watersaving technology factor and research costs, and got the
following equations:

WTC = 375.2* PWTF ^ (−17.59)

(16)

Note: WTC-Water-saving technology cost, PWTFproduction of water-saving technology factor.
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FIGURE 10 - The simulation and prediction of different parameters: (a) per capita GDP, (b) per capita ecological resources, (c) living water
shortage, (d) sewage utilization, (e) annual water supply and (f) comprehensive benefit in 2050 with different annual amounts of desalinated
water.

Selecting different water-saving technology factors,
we obtained the following estimates.
The long-term effects on the various system indicators are shown in Figure 11. It is clear that the development of water-saving technology has a positive impact on
the dynamic relationship between supply and demand of
living water, social water supply, sewage utilization, and
per capita ecological resources (Figure 11(b), (c), (d) and
(e)). However, with the increase in research costs, per
capita GDP initially increases, but then begins to decrease
(Figure 11(a)). Also, the changes in the comprehensive
benefit with the water-saving technology factor are shown
in Figure 11(f). From Fig 11(f), we can see that the effective value reaches a the high when the water-saving technology factor reaches 0.9625, which means we would
obtain the maximum benefit when the development of
water-saving technology saves 3.75% of the water. It is
clear that more is not necessarily better with water-saving
technology. Since the technology costs are high, the com-

prehensive benefits may not be greatest at the highest
level of water saving technology utilization.
3.2.4 Sewage Treatment Investment

Sewage treatment can produce a better ecological effect, but too much investment can also lower the GDP
growth speed. We obtained the estimate value of indexes
for the year 2050 by adjusting the sewage treatment proportion of GDP.
From Figure 12, we can see that increased sewage
treatment efforts could enable eco-efficiency, and significantly improve the ability to reuse sewage (Figure 12(b)).
Additionally, these efforts can reduce the shortage of
living water (Figure 12(c)). But the increased investment
would lower the per capita GDP (Figure 12(a)). Apart
from this, the total social water supply first increased and
then decreased in the process of increasing sewage investment (Figure 12(e)). This is due to the increase of
total water resources, and the declining process is mainly
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due to slow economic development. And the changes of
comprehensive benefit with investment proportion are
shown as Figure 12(f). From Fig 12(f), it is clear that
when the sewage treatment investment reaches 0.3% of
GDP, it could produce inspiring benefits.

cal when cost and return are considered. However, improving desalination technology is a worthwhile effort,
since seawater is abundant and could prove to be an
important source of freshwater.
•

3.3 Suggestions

Considering these comprehensive factors, the researchers’ suggestions are as follows:
•

Avoid blind construction of water conservancy facilities

Blind investments in water conservancy facilities
cost much but have little effect. We modeled the North
China water resource system and found that the investment in water conservancy facilities should be kept at
0.1% of annual GDP.
•

Reduce the quantity of salt water desalination

Current methods of saltwater desalination are too
expensive and, according to our model, are not economi-

Improve and increase water conservation efforts

Water-saving technology is a key factor in our model. It
is suggested setting the water-saving rate to 3.725%,
which is projected to obtain the highest input-output
efficiency.
•

Increase the investment in sewage treatment

The sewage treatment investment funds should be
increased to 0.3% of the annual GDP.
It is recommended combining the above four strategies, since in our simulation, the combination could effectively compensate for the inadequacies of each strategy
alone, thus leading to an alleviation of the water shortage.

FIGURE 11 - The simulation and prediction of different parameters: (a) per capita GDP, (b) per capita ecological resources, (c) living water
shortage, (d) sewage utilization, (e) annual water supply and (f) comprehensive benefit in 2050 with different water-saving technology factors.
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FIGURE 12 - The simulation and prediction of different parameters (a) per capita GDP, (b) per capita ecological resources, (c) living water
shortage, (d) sewage utilization, (e) annual water supply and (f) comprehensive benefit in 2050 with different sewage treatment investments.

Figure 13 represents that these strategies can guarantee sufficient water supply up to about 2028. But in 2050,
the shortage will increase to 98.30 hundred million cubic
meters if no proactive measures are taken. Even if actions
are taken to alleviate the shortage, it will still reach 70.60
hundred million cubic meters. Long term demand will not
be satisfied, since the economic demand is projected to
increase too rapidly.
4. CONCLUSIONS
With the continual development of economic, social and
ecological systems, the demand for water is rising drastically. However, water as a resource is very limited, which
will lead to an ever water shortage, eventually slowing
the pace of development. In this paper, a new approach
for identifying the optimal water strategy in order to
achieve the sustainable development of water resources is
presented, incorporating System Dynamics (SD) and the

Comprehensive Benefit Assessment model. A case in
North China has been studied to assess the impacts of the
four water strategies: storage, desalinization, water-saving
and sewage treatment. Results have shown that increasing
the investments in water storage facilities can increase the
storage capacity, so as to alleviate the living water shortage to some extent. However, blind investments in water
conservancy facilities would destroy the ecological environment, bringing the entire water resource system back to
a deficit. Though improving desalination technology is of
great importance, results have shown that the desalination
costs would be higher than the profits, which proves that
it is not, as yet, an economical measure. The development
of water-saving and sewage treatment technology has a
positive impact on increasing water supply, easing the gap
between supply and demand, enhancing sewage utilization, and improving the ecological environment. However, a significant drawback is that it comes with a high cost
and will slow down the pace of economic development.
Finally, the comprehensive benefits will reach a
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FIGURE 13 - Water supply and demand in North China is projected to change from 2000 to 2050 based on the current situation (a) and after
implementing the suggested measures (b)

peak, which corresponds to the best investment scenario.
The rapid development of the national economy with a
limited water supply, itself, is a contradiction. In the pursuit of high-speed economic, social, and ecological development, management strategies alone cannot resolve all of
the afore-mentioned problems, unless a major technological
innovation in the area of water resource supply emerges in
the near future.
The authors have declared no conflict of interest
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ABSTRACT

1. INTRODUCTION

Sediment phosphorus release accelerates river eutrophication, whose key components remain unclear. In
this paper, fractionation and sorption behaviors of phosphorus and content of organic matter (OM) were measured in sediments of a Chinese eutrophic river (Nanfei
River) in different months. Concentrations of Chlorophyll
a and total phosphorus were also determined in water column, and they were significantly and positively related
with each other. Contents of iron-bound phosphorus
(Fe(OOH)~P), calcium-bound phosphorus (CaCO3~P),
acid-soluble organic P (ASOP), and hot NaOH-extractable
organic P (Palk) ranged from 161.41 to 1195.81 mg kg-1
(mean 655.23 mg kg-1), 49.34 to 1088.41 mg kg-1 (mean
378.30 mg kg-1), 16.13 to 167.41 mg kg-1 (mean 86.80 mg
kg-1), and 17.11 to 96.50 mg kg-1 (mean 60.41 mg kg-1),
respectively. So the Fe(OOH)~P and CaCO3~P accounted
for the larger part of sediment phosphorus pool. The results
of Path Analysis showed that Fe(OOH)~P and Palk had
direct influences on phosphorus status in surface water,
while CaCO3~P and ASOP only had direct effect on SRP
in interstitial water. Thus, sediment P fractions had different release pathways that were controlled by different
factors, such as redox conditions, acidity, and microbial
activity. Additionally, the OM gave rise not only to content of different P forms, but also to the sorption capacity,
thereby determining sediment function to act as phosphorus source or sink. Moreover, the vertical distribution of P
fractions and equilibrium phosphorus concentration was
studied, which is of significance for remediation and management of eutrophic rivers.

KEYWORDS: Sediment; phosphorus fractionation; phosphorus
sorption; organic matter; Nanfei River

* Corresponding author

Phosphorus (P) is often a key limiting nutrient in freshwater systems, and excessive P can result in algal blooms,
with flow-on effects to aquatic food webs [1]. Both sediment and interstitial water served as P sources releasing
into water column, which was shown by a significant correlation between the hypolimnetic total P and interstitial phosphate concentrations in a shallow lake [2]. However, there
existed a challenge in identifying the main species responsible for sediment P release. For example, in intertidal
sediments, exchangeable P was highly correlated with iron
oxides [3]. While in Lake Taihu, exchangeable P was significantly correlated to calcium-bound P [4]. Shortly, the
linkage between P form and release potential was inadequately studied in river sediments.
The function for sediment to act as sink or source of
phosphorus could be estimated by equilibrium phosphorus concentration (EPC0), a concentration in the aqueous
phase at which net adsorption or desorption of dissolved P
from the benthic sediment does not occur [5]. By comparing measurements of EPC0 and soluble reactive phosphorus (SRP), a potential for release of SRP by bed sediment
to the water column can be estimated [6]. In a subtropical
river system, differences in the phosphate concentration
during high and low flow can be attributed to differences
in P sorption characteristics [1]. So, it is desirable to connect P forms with EPC0 in sediments, thereby estimating
their release potentials. In conjunction, multivariate regression analyses showed significant relationship between
hypolimnetic phosphate and sediment iron-bound P [2].
Therefore, there must be some relations between sediment fractions of phosphorus and its status in water column, on which less attention was paid.
The objective of this study were to have a further understanding of main P forms responsible for sediment P
release and their release potentials in sediment of eutrophic rivers.
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2. MATERIALS AND METHODS
2.1 Study area description

Nanfei River basin is located in the Jianghuai hilly
country, near Hefei City, the capital of Anhui Province of
China. Nanfei River, as one of the largest rivers discharging into Lake Chaohu in this basin, originates from south
of the Dabieshan Mountain at the center of Anhui Province of China. Nanfei River is 70 km long with a catchment area of 1,446 km2 [7]. The Nanfei River flows through
the Dongpu Reservoir firstly, and then crosses over the
Hefei City, from which most pollution was derived.
Nanfei River was seriously polluted by urban wastewater
[8]. We sampled eight areas at the most typical polluted
reach of the river, 1-5 km downstream from Dongpu
Reservoir (S3: 31°52′58″ N, 117°13′23″ E).
2.2 Sample collection

Water samples were collected with a Friedinger sampler
at eight sites in May, June, and August 2010 for P and Chlorophyll a (Chl a) analysis (Fig. 1). Simultaneously, surface
sediments of seven sites were sampled using a Peterson
grab sampler to study fractionation and sorption behavior
of phosphorus and organic matter, because the surface
sediment of Site 1 failed to be obtained. Sediment cores
were taken in January 2011 to determine how P fractions
and EPC0 varied with sediment depth, using a subset of the
sampling sites. All the samples were immediately stored in
cooling boxes for transport to the laboratory. The water
samples were processed the same day and the sediments
were stored at 40C in the dark for 2-4 days before analysis.

Out of the four fractions separated, two corresponded to
inorganic P and the other two to organic P. The inorganic
fractions were iron-bound phosphorus (Fe(OOH)~P) and
calcium-bound phosphorus (CaCO3~P). Both fractions
were extracted by using chelating compounds at pH close
to sediment value, Ca-EDTA and Na2-EDTA, respectively.
This involves the development of a specific reaction with
compounds present in the sediment [12], whereas pH adjustment was used to avoid changes in the original P composition. The organic P is comprised of a fraction soluble
in H2SO4 (acid-soluble organic P, ASOP) and a fraction
extracted with NaOH at 900C (hot NaOH-extractable organic P, Palk). The extracted amounts of phosphate were determined by the molybdate blue method [10]. The sediment dry weight was used to measure the content of different P forms. All samples were analyzed in triplicates
and the data were expressed as the average.
Batch P sorption isotherm experiments were conducted in triplicate for sediment samples under reducing condition, using 0.01 mol L−1 KCl solution containing 0, 0.1,
0.2, 1, 2, 5, 8, 10, 15, 20, 30, 40, 50, 100 mg P L-1
KH2PO4 as sorption solution matrices (modified by [13]).
The sealed centrifuge tubes with the mixed solution were
shaken on a reciprocal shaker at a speed of 200 cycles min-1
for 24 h at 25 ± 3°C. The suspension was centrifuged at
3500 rpm for 20 min. The supernatants were filtered
through a 0.22 um mixed cellulose ester membrane, and
determined for SRP. Phosphorus sorption parameters of
sediments were simulated by the Langmuir and Freundlich
isothermal model, and EPC0 was determined according to
Freundlich equation, P sorption maximum (Qmax) was
determined according to Langmuir equation [14].
2.4 Statistical analysis

FIGURE 1 - Map with the sampling sites
2.3 Chemical analysis

Chl a was measured using the ethanol extraction
method [9]. SRP concentration was detected by the molybdate blue method [10]. Total phosphorus (TP) was
determined following digestion according to Golterman et
al. [9]. The sediment organic matter (OM) was determined by loss-on-ignition in muffle furnace [11].
The different P forms in sediment were separated
through the EDTA sequential extraction procedure [12].

Pearson’s correlation coefficients, one-way ANOVA,
and Factor Analysis (FA) were performed using SPSS
18.0 for windows. The causal relationships among variables were tested by applying Path Analysis (PA) using the
Amos, the plug-in software of SPSS. PA is a special version of Structural Equation Modeling (SEM). SEM is a
multivariate statistical method that allows evaluation of a
network of relationships between manifest and latent
variables, and was expounded by Arhonditsis et al. [15].
In Path Analysis, recursive path model was applied, in
which generalized least squares was used to fit functions.
In the model, only the arrows that indicated the significant
influence between variables (P<0.05) were retained. Direct and indirect effects among variables were reported in
the path diagram, and the path coefficients are reported
near the respective paths.

3. RESULTS
3.1 Relationships among the variables studied in river water

The Chl a concentrations showed great temporal variations, ranging from 4.86 to 348.44 ug L-1, with the high-
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er value appearing in the downstream (Site 3 to Site 8), this
pattern was generally matched by the concentrations of
TP and SRP , which ranged from 0.02 to 0.62 mg L-1 and
from 1.63 ug L-1 to 0.38 mg L-1, respectively. While the
above trend was not obvious for the SRP concentrations
in interstitial water (Fig. 2). Furthermore, the SRP concentration in interstitial water (0.05 mg L-1 on average)

was significantly higher (ANOVA, P<0.01) than that in
surface water (0.02 mg L-1 on average). As shown in the
Fig. 3, Chl a was directly affected by both TP and SRP in
surface water, and SRP in interstitial water. And concentration of Chl a was significantly and positively related
with that of TP and SRP in surface water, respectively
(Table 1).

FIGURE 2 - Distribution of concentrations of Chlorophyll a (Chl a) and P in surface and interstitial water of Nanfei River

FIGURE 3 - Path diagram illustrating the effects among different variables in Nanfei River. The path coefficients are reported near the
respective paths. SRPsur: SRP in surface water; SRPint: SRP in interstitial water.
* Path coefficient significant at P< .05; ** Path coefficient significant at P< .01.
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TABLE 1 - Pearson’s correlation coefficients between Chl a and different P species in Nanfei River.
Parameters
TP
SRPsuf
SRPint
TP
1
SRPsuf
.942**
1
SRPint
-.265
-.217
1
Chl a
.760**
.628**
-.028
Fe(OOH)~P
.397
.491*
-.472*
CaCO3~P
.005
-.040
.089
ASOP
.294
.232
-.122
Palk
.474*
.343
-.111
*. Correlation is significant at the 0.05 level (2-tailed).
**. Correlation is significant at the 0.01 level (2-tailed).

Chl a

Fe(OOH)~P

CaCO3~P

ASOP

Palk

1
.103
-.187
.083
.396

1
-.202
.032
.411

1
.775**
.299

1
.429

1

was the dominant form of phosphorus in sediments, ranging from 161.41 to 1195.81 mg kg-1 (mean 655.23 mg kg-1)
and accounting for 16.6–79.8% (mean 56.4%) of total
extracted P. The CaCO3~P content ranged from 49.34 to
1088.41 mg kg-1 (mean 378.30 mg kg-1), which accounted
for 12.2%–62.3% (mean 30.7%) of the total extracted P.
The ASOP concentrations in sediments ranged from 16.13
to 167.41 mg kg-1 (mean 86.80 mg kg-1), which accounted
for 3.4%–14.4% (mean 7.5%) of total extracted P. Of all
of the phosphorus forms, the Palk was present in the lowest
concentrations. The Palk content in sediments ranged from
17.11 to 96.50 mg kg-1 (mean 60.41 mg kg-1), which accounted for 3.5%–8.9% (mean 5.4%) of total extracted P.
Table 2 shows the vertical distribution of phosphorus
fractions, OM, EPC0 and Qmax for sediments of the four
sample sites. In Site 3, Fe(OOH)~P, OM and Qmax decreased with increasing depth, while CaCO3~P and EPC0
decreased first, and then increased, with lowest value
occurring in 15-25 cm and 5-15 cm, respectively; in Site
4, Fe(OOH)~P, OM and EPC0 increased with increasing
depth, while CaCO3~P and Qmax decreased first, and then
increased with lowest value occurring in 15-25 cm; Site 7
had the minimum of Fe(OOH)~P, CaCO3~P, OM, EPC0
and Qmax in surface layer; Site 8 had the lowest value of
Fe(OOH)~P and OM in 35-45 cm, and with CaCO3~P
and EPC0 minima occurring in surface layer.

FIGURE 4 - Distribution of P fractions in surface sediments of
Nanfei River.
2.2 Fractions and sorption behaviors of phosphorus in sediment

As shown in Fig. 4, the amount of different P fractions in surface sediment have great variations. Fe(OOH)~P

In order to evaluate the eutrophication risk of the
study river, the degree of phosphorus saturation (DPS)
was calculated by Fe(OOH)~P*100%/Qmax (DPS1) and
CaCO3~P*100%/Qmax (DPS2) and the results are summarized in Table 3. The DPS values as the expression of
Fe(OOH)~P*100%/Qmax varied within a very wide range
from 3.8% to 35.9%. The average DPS were 20.9%, 18.4%,
15.4%, 16.5%, 22.5%, 19.4%, and 20.0%, in the sampling
sites from upstream to downstream, respectively. When
DPS was expressed by CaCO 3~P*100%/Q max, the value
ranged from 2.5% to 32.7% , the average DPS were 3.9%,
7.4%, 12.7%, 20.3%, 18.4%, 12.0%, and 7.0%, respectively.
As shown in Table 4, among different P forms in sediment, Fe(OOH)~P was only positively related to Palk,
while CaCO3~P showed a significantly positive relationship with ASOP and Palk, respectively. when the DPS was
expressed as CaCO3~P*100%/Qmax, it showed a significantly
positive relationship with EPC0, and had direct effect on
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EPC0, as indicated by the path diagram (Fig. 3). OM showed
significantly positive relationships with Fe(OOH)~P, ASOP,
Palk, and Qmax, moreover, it was also positively related to
CaCO3~P after the log-transformation (P<0.01). While
OM only had direct effect on Fe(OOH)~P (Fig. 3).
To present an in-depth analysis of the correlations
between different phosphorus species, Bartlett’s test of
sphericity (BTS) was conducted followed by FA. BTS is
used to test whether original variables are suitable for FA.
The result showed that the significance level observed

upon BTS was 0.000, which indicates that the relationship
among variables was strong enough to suit FA. FA is the
extension of principal component analysis (PCA). The objective of PCA is to find the lesser principal components to
explain original variables, while FA places an emphasis
on correlation among original variables, and seek the potential common factors. The FA results (only eigenvalue
greater than 0.5 were considered) demonstrated that there
were two principal components that could explain 86.9%
of the total variance. As shown in Table 5, component 1
accounted for 65.4% of the total variance and consisted

TABLE 2 - Content of P fractions and OM, EPC0, and Qmax at different depths for the four sites in sediments of Nanfei River
Fe(OOH)~P (mg
kg-1)

CaCO3~P
(mg kg-1)

ASOP
(mg kg-1)

Palk
(mg kg-1)

OM
(mg g-1)

EPC0
(mg L-1)

643.19
(10.85)
603.58
(36.32)
458.44
(9.81)
475.04
(6.14)

149.36
(11.74)
125.99
(0.00)
120.08
(8.49)
150.22
(0.00)

73.64
(7.33)
72.26
(0.00)
67.54
(2.12)
65.72
(0.00)

66.38
(2.93)
66.70
(0.00)
49.53
(2.12)
63.38
(5.53)

73.24
(0.35)
69.84
(1.36)
58.96
(0.56)
48.14
(1.41)

0.011

6492.63

0.009

5636.82

0.011

4416.04

0.016

4205.18

492.85
(5.70)
418.53
(15.52)
579.63
(27.13)
1469.97
(41.08)

220.08
(21.57)
151.95
(6.72)
142.70
(3.67)
296.32
(16.43)

86.61
(10.01)
73.60
(1.68)
60.97
(5.50)
100.23
(8.22)

46.30
(1.05)
32.05
(3.89)
39.57
(0.92)
82.07
(1.03)

30.10
(2.70)
25.66
(3.50)
41.04
(0.38)
84.33
(0.59)

0.012

6196.40

0.018

4278.40

0.034

3848.41

0.059

5003.94

779.44
(6.12)
899.43
(27.23)
916.99
(27.11)
831.49
(24.36)

193.49
(8.83)
273.12
(19.64)
276.59
(0.00)
265.06
(11.71)

95.97
(5.52)
112.26
(1.64)
129.08
(0.00)
117.00
(7.32)

60.86
(2.21)
97.21
(0.00)
78.37
(0.00)
72.48
(2.93)

60.41
(0.46)
63.38
(0.53)
74.08
(0.04)
72.27
(0.22)

0.018

4152.50

0.021

5751.79

0.020

5770.85

0.022

5289.63

1214.06
268.38
(14.03)
(15.18)
15-25cm
895.20
304.80
(27.39)
(21.55)
25-35cm
1022.33
945.44
(2.82)
(30.53)
35-45cm
664.68
609.67
(40.92)
(32.62)
Standard deviation was shown in parentheses.

110.04
(3.80)
118.11
(8.08)
298.96
(7.63)
205.97
(9.32)

77.83
(1.93)
72.39
(0.00)
90.66
(0.00)
65.91
(0.00)

89.56
(0.70)
74.18
(0.24)
70.66
(0.42)
54.50
(1.06)

0.008

7462.51

0.019

6278.36

0.015

7638.45

0.013

7207.82

Site 3
0-5cm
5-15cm
15-25cm
25-35cm
Site 4
0-5cm
5-15cm
15-25cm
25-35cm
Site 7
0-5cm
5-15cm
15-25cm
25-35cm
Site 8
5-15cm

Qmax
(mg kg-1)

TABLE 3 - Degree of phosphorus saturation (DPS) values of sediments in Nanfei River
sample sites
Site 2
Site 3
Site 4
Site 5
Site 6
Site 7
Site 8

DPS1(%)=Fe(OOH)~P*100%/Qmax
range
mean
12.4-27.4
20.9
17.7-23.8
18.4
12.3-27.0
15.4
3.8-35.9
16.5
16.9-32.4
22.5
17.5-26.0
19.4
14.9-26.7
20.0

1231

DPS2(%)=CaCO3~P*100%/Qmax
range
mean
3.4-4.8
3.9
2.5-15.6
7.4
3.3-18.5
12.7
14.0-32.7
20.3
11.6-26.8
18.4
3.4-17.9
12.0
4.3-12.8
7.0
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of CaCO3~P and ASOP. Component 2 accounted for 21.5
% of the total variance and included Fe(OOH)~P and Palk.
2.3 Relationships between phosphorus in sediment and that
in water

The Fe(OOH)~P showed a significantly positive relationship with SRP in surface water, and Palk did so with TP
in surface water (Table 1). Fe(OOH)~P has a direct effect
on SRP in surface water, and Palk did so on TP. Moreover,
when the DPS was expressed by CaCO3~P*100%/Qmax,
ASOP*100%/Qmax and Palk*100%/Qmax, they all had direct
effects on SRP in interstitial water (Fig. 3).
4. DISCUSSION
4.1 Relationship between P and Chl a

The Chl a concentrations markedly increased in the
downstream, together with that of TP and SRP in surface
water (Fig. 2), suggesting that P is a key element limiting
primary productivity in the study river. This was further
supported by significantly positive relationships between
concentrations of Chl a and this two P species respectively (Table 1), and the direct effect of this two P species on
Chl a (Fig. 3). In the Yangtze-Connected Chinese lakes,
the major factors influencing Chl a in lentic and lotic
regions were TP and water velocity [16]. Our results

indicated an important role of phosphorus in determining
phytoplankton biomass in the Nanfei River. Furthermore,
sediment had a strong tendency to release P from interstitial water to surface water, as illustrated by a significant
difference between their SRP concentrations, while no
significant relation was found between this two variables
(Table 1). So it is necessary to exam P release potential in
sediment of the study river.
4.2 P fractions in sediment and their release potential

In surface sediment of the study river, Fe(OOH)~P
represented the largest fraction of sediment P (Fig. 4),
with most values exceeding 45% of total extracted P, and
accounting for 56.4% of it. Fe(OOH)~P was an important
factor that caused the total P to increase in the sediments
of Chaohu Lake Valley [17], and was the most dynamically changing P form in the sediment [18]. Compared
with Fe(OOH)~P, CaCO3~P accounted for a lower percentage of total extracted P (30.7%), although CaCO3~P
content was significantly higher than that of Fe(OOH)~P
in some sites (Site 5 in May 2010, Site 4 and Site 5 in
June 2010) (Fig. 4). In the sediment of an eutrophic lake
(Lake Taihu), CaCO3~P was significantly correlated to
exchangeable P [6], it was included in the class of reactive P fractions in the surface sediment of Mississippi
River [19], and seemed to have a variable potential mobility [20]. The ASOP and Palk accounted for 7.5% and 5.4%

TABLE 4 - Pearson’s correlation coefficients among different parameters of sediments in Nanfei River
Parameters
Fe(OOH)~P CaCO3~P ASOP
Fe(OOH)~P
1
CaCO3~P
.369
1
ASOP
.333
.775**
1
Palk
.615**
.584**
.630**
*
Qmax
.445
.002
.353
EPC0
.055
.352
.112
Fe(OOH)~P/Qmax
.573**
.348
.018
**
CaCO3~P/Qmax
.173
.877
.555**
**
ASOP/Qmax
.005
.709
.684**
Palk/Qmax
.004
.339
.080
OM
.749**
.312
.497*
*. Correlation is significant at the 0.05 level (2-tailed).
**. Correlation is significant at the 0.01 level (2-tailed).

Palk

Qmax

EPC0

Fe(OOH)~P/Qmax CaCO3~P/Qmax

ASOP/Qmax

Palk/Qmax

OM

1
.362
-.056
.314
.403*
.350
.408*
.590**

1
-.320
-.444*
-.399*
-.382
-.663**
.724**

1
.260
.428*
.334
.147
-.103

1
.531**
.361
.650**
.083

1
.597**
-.037

1
-.273

1

1
.860**
.620**
.004

TABLE 5 - The results of Factor Analysis of four phosphorus forms
Components
Variables
Fe(OOH)~P
CaCO3~P
ASOP
Palk
Eigenvalues
% of variance
Cumulative %
* factor loading >.5

Component 1

Component 2

Communalities

.119
.922*
.883*
.428
2.62
65.4%
65.4%

.941*
.168
.295
.806*
.86
21.5%
86.9%

.899
.879
.866.
.833
3.48
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of total extracted P, respectively. Therefore, Fe(OOH)~P
and CaCO3~P accounted for the larger part among the
sediment P fractions, which had different release modes.

of marine [28] and estuary [29]. Our result further demonstrated the common characteristics of this two P fractions
in river sediment.

Sediment may act as a P source in water bodies,
which could be judged by EPC0 value [6]. Moreover, DPS
was also used to evaluate the potential of P release from
sediment [21], In our results, when the DPS was expressed
as CaCO3~P*100%/Qmax, it had direct effects on SRP in
interstitial water and EPC0, as indicated by the path diagram (Fig. 3), and showed a significantly positive relationship with the latter (Table 4). Similarly, when defined
as the ratio of extractable phosphorus (Olsen-p) to Qmax,
DPS was positively related to EPC0 value in the shore line
soils along Lake Chaohu [22]. In other words, when the
extractable phosphorus was replaced by CaCO3~P, the
significantly positive relationship between DPS and EPC0
still held. Additionally, in the middle and lower reaches of
Yangtze River region, lake sediments having DPS higher
than 6.6% indicated the risk of eutrophication [21]. Consistently, in the study river, at almost all of the sampling
sites with eutrophication symptom, the sediments gave the
mean DPS value higher than the above threshold in terms
of Fe(OOH)~P*100%/Qmax and CaCO3~P*100%/Qmax
(Table 3). Thus, CaCO3~P was an important phosphorus
fraction releasing from sediment into water column of the
study river. The mechanism behind this release can be
explained by acidity and alkalinity. In Lake Chaohu, the
sediments with lower Fe(OOH)~P/CaCO3~P ratios released more phosphorus under acidic conditions, and vice
versa [23]. Furthermore, CaCO3~P is a relatively stable,
inert and non-bioavailable phosphorus fraction that may
temporarily control the release of P from sediments, this is
because this insoluble phosphate can be transformed into
bio-available forms by phosphate solubilizing bacteria [24].

The direct release pattern of Fe(OOH)~P was implied
by the significantly positive relationship between its content and SRP concentration in surface water (Table 1).
Furthermore, the PA results showed that the former had
direct effect on the latter (Fig. 3). Fe(OOH)~P is considered as a redox-sensitive P fraction subject to mobilization upon a reduction in sediment redox potential and
subsequently dissolution of FeOOH particles [30]. In
Haihe River, China, redox-sensitive P (including
Fe(OOH)~P) was the main fraction that can release P
easily [31]. Phosphate is released by reductive dissolution
of Fe(OOH)~P in a floodplain's aquifer and in the
hyporheic zone of a lowland river [32].

The FA results showed that, in the two principal
components that could explain 86.9% of the total variance, component 1 consisted of CaCO3~P and ASOP, and
accounted for 65.4% of the total variance (Table 5). And
CaCO3~P showed a significantly positive relationship
with ASOP (Table 4). Furthermore, the PA results
showed that DPS expressed by ASOP had direct effect on
SRP in interstitial water (Fig. 3), indicating its release
potential, which may be mediated by microbial hydrolysis. In sediments of a large Chinese eutrophic lake (Lake
Taihu), there was a significantly positive relationship
between ASOP and the organic phosphate-mineralizing
bacteria (OPB) numbers, as well as alkaline phosphatase
activity (APA), furthermore, the OPB numbers and APA
were also significantly and positively related with each
other [25-27]. Therefore, ASOP is an important factor for
OPB growth, which may induce the production of APA
that substantially liberates phosphate. Shortly, in the sediment of eutrophic river, CaCO3~P and ASOP were the
major source of SRP in interstitial water, which was
commonly driven by microbial processes. Similarly, organic carbon acted as an important factor controlling the
cycles of authigenic CaCO3~P and organic P in sediments

Together with Fe(OOH)~P, Palk constituted the component 2 of the FA results (Table 5). Palk was positively
related to Fe(OOH)~P (Table 4), and it was directly affected by Fe(OOH)~P (Fig. 3). The connection and transformation between Fe(OOH)~P and Palk could also be
explained by acidity and alkalinity. For example, in sediment from a coastal lagoon, a part of phosphate adsorbed
onto the iron hydroxides was transferred to organic fractions when pH changed [33]. What’s more, anoxic condition is automatically concomitant with a decrease in pH
[34], Fe(OOH)~P and Palk possessed the greatest binding
capability at pH 7-8 and pH 5, respectively [35]. Overall,
with the development of eutrophication, the sediment
condition would become anaerobic and simultaneously
acidic, part of phosphate released from the iron hydroxides would gradually build up in the form of relatively
stable Palk. Additionally, Palk had direct impact on TP in
the surface water, that is to say, Fe(OOH)~P had indirect
effect on TP in the surface water. Noticeably, both SRP
and TP exerted direct impact on Chl a (Fig. 3), and there
existed significantly positive relationships between this
two P species and Chl a (Table 1). Moreover, the spatial
variation of P availability in the sediments agrees with the
elevation of Chl a in overlying water in the downstream
locations of a creek, indicating that the internal P source
plays an important role in triggering an algal bloom in
surface water systems [36]. Hence, the component consisted of Fe(OOH)~P and Palk, mainly Fe(OOH)~P, was a
more direct factor influencing phytoplankton growth in
eutrophic rivers.
4.3 Role of the OM in P release

OM was significantly and positively related to all the
P fractions studied (Table 4), and had direct effect on
Fe(OOH)~P (Fig. 3). Furthermore, it had a significantly
positive relationship with the Qmax value as the denominator of the DPS (Table 4). Consistently, in the bed sediments of Bronx River, OM was significantly correlated
with Qmax [37]. This phenomenon could be explained by
the reaction of humic substances in organic matter. A
model experiment about the adsorption of orthophosphate
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to humic surfaces was studied, and showed that orthophosphate was mainly bound to humic surfaces via metal
bridges, the adsorption maximum of humic substances
greatly increased with higher concentrations of organically complexed ferric iron [38]. Shortly, OM could give rise
to the labile species and load of phosphorus, as well as its
sorption capacity in different manners, thereby controlling
the EPC0 via DPS values and finally determine sediment
function to act as P source or sink.

of phosphate released from the iron hydroxides would
gradually build up in the form of relatively stable Palk.
Additionally, the OM gave rise not only to content of different P forms, but also to the sorption capacity, thereby
determining sediment function to act as phosphorus source
or sink. Vertically, the EPC0 minima of most sites presented
in surface layer, which indicated that dredging would increase the risk of P release.

4.4 Vertical distribution of the EPC0 value and its connection
with application

Currently, sediment dredging was taken as a routine
measure for internal P source remove and lake remediation [39,40]. While whether dredging was beneficial varied with different lakes and rivers, and even with different
reaches in the same river. As shown in Table 2, the EPC0
values of most sites were lower in surface layer than in
other layers, with the exception being Site 3, whose EPC0
values decreased first, and then increased with increasing depth, with minimum occurred in subsurface layer
(5-15 cm). The EPC0 was larger than the P concentration
in water column, indicating that the sediment had higher
risk of P release [41]. Additionally, some sites showed
larger Qmax values (Site 4 and Site 8) and lower Fe(OOH)~P
(Site 4 and Site 7) and CaCO3~P (Site 7 and Site 8) content
in surface layer than in other layers. So dredging would
increase the risk of P release for most reaches of Nanfei
River, and may be helpful to the upper reach.
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5. CONCLUSION
In Nanfei River, both SRP and TP in surface water
had direct effect on Chl a, and there existed significantly
positive relationships between concentrations of Chl a
and this two P species. The contents of different P forms
in surface sediments varied greatly. The mean value of
Fe(OOH)~P, CaCO3~P, ASOP and Palk contents was
655.23, 378.30, 86.80, 60.41 mg kg-1, respectively. Thus,
Fe(OOH)~P and CaCO3~P accounted for the larger part
of sediment phosphorus pool. The Factor Analysis results
showed that there were two principal components that
could explain 86.9% of the total variance. Component 1
accounted for 65.4% of the total variance and consisted of
CaCO3~P and ASOP. Component 2 accounted for 21.5 %
of the total variance and included Fe(OOH)~P and Palk.
CaCO3~P and ASOP had direct effect on SRP in interstitial water, and CaCO3~P*100%/Qmax had direct effect on
EPC0, and showed a significantly positive relationship
with it. Thus, CaCO3~P and ASOP were the major source
of SRP in interstitial water, which was mainly driven by
acidity and microbial processes. Fe(OOH)~P had direct
effect on SRP in surface water, and had indirect effect on
TP in surface water through Palk, moreover, Fe(OOH)~P
was positively related to Palk. Therefore, Fe(OOH)~P was
a more direct factor influencing phytoplankton growth,
which was mainly controlled by redox condition. And part
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ABSTRACT
The objective of this research was to estimate eggplant (Solanum melongena cv. “Aydin Siyahi”) and bell
pepper (Capsicum annuum L. “California Wonder”) yield
using spectral indices. The experiments were conducted in
the growing season of 2011 in Canakkale, Turkey. The
following eight spectral indices were used (1) Simple
Ratio Index (SR), (2) Normalized Difference Vegetation
Index (NDVI), (3) Green Normalized Difference Vegetation Index (GNDVI), (4) Water Band Index (WBI), (5)
Photochemical Reflectance Index (PRI), (6) Wide Dynamic
Range Vegetation Index (WDRVI), (7) Enhanced Vegetation Indices (EVI) and (8) Red Edge Normalized Difference
Vegetation Index (RENDVI). In addition to these indices
the six following spectral bands were also used; (1) R645,
(2) R663, (3) R970, (4) R940, (5) R970/940 and (6) R940/970. Four
irrigation levels, including 0% (S0, non-irrigated), 33%
(S33), 66% (S66) and 100% (S100, control) of field capacity were applied throughout three growth stages (vegetative (V), flowering (F) and fruit growth (FG)). Regression models were obtained between spectral indices and
yield of both plants. The correlation coefficients (r) were
between 0.921 and 0.997 for eggplant and between 0.857
and 0.900 for bell pepper at different growth stages. The
research results showed that spectral indices and bands
have a good potential to estimate the yield of eggplant and
pepper plants.

applied [2]. In recent years, the importance of water conservation has increased due to the reduction in rainfall.
There have been many studies in estimating eggplant
yield [3-6] and pepper yield [7-9] under limited irrigation
conditions. However, drought stress is one of the major
factors limiting the production. Thus, it is vitally important
to utilize technologies such as remotely-sensed spectral
reflectance to estimate water stress [10-12], plant water
content [13-15] and yield [16-19] in a spatially and timely
manner. The effects of water stress on crop yield could be
determined after the harvest. However, spectral indices
have been used to determine other physiological traits
such as leaf area, chlorophyll content, absorbed radiation
and photosynthetic capacity [20].

Turkey is the second largest producer of pepper and
the fourth largest producer of eggplant in the world [1].
Production of these vegetables is common in the Canakkale province due to its favorable soil type and climate.
Irrigation is a must for yield and it should be optimally

There are basically two methods (aerial and groundbased) used for the measurement of spectral reflectance.
Ground-based measurements often yield more accurate
results than aerial-based systems to determine relationships between spectral indices and yield [21]. Collecting
field data using a spectroradiometer is a relatively simple
method [22]. Mukherjee and Sastri [23] found a correlation coefficient (r) of 0.90 between Normalized Difference Vegetation Index (NDVI) and tomato yield. Ferrio et
al. [16] reported that correlation coefficients were ranged
from 0.53 to 0.76 to estimate durum wheat yield using
visible and near-infrared reflectance. Babar et al. [24]
reported that the Water Index (WI), Normalized Water
Index-1 (NWI-1), and Normalized Water Index-2 (NWI-2)
yielded better results to estimate yield in wheat under
reduced irrigation than Simple Ratio (SR) and NDVI.
Koksal et al. [25] found an r value of 0.74 between Soil
Adjusted Vegetation Index (SAVI) and green bean yield.
Genc et al. [12] tested the spectral indices (Optimized
Soil Adjusted Vegetation Index (OSAVI), Infrared-Red
Index (IR-RED), SR, NDVI, Green NDVI (GNDVI) and
Water Band Index (WBI) to estimate the yield of watermelon under deficit irrigation conditions. They found the
coefficients of determinations (R2) that were 0.841 and
0.737 between spectral indices and yield at fruit growth
and ripening-harvest stages, respectively.

* Corresponding author

Although many studies have been conducted using
the spectral indices to estimate different plant yield, there
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1. INTRODUCTION
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are insufficient studies on plants such as peppers and
eggplant growing under semi-arid climatic conditions.
The objective of this study was to evaluate the performance of eight spectral indices (SR, NDVI, GNDVI,
WBI, PRI, WDRVI, EVI, RENDVI) and six spectral
bands (R645, R663, R970, R940, R970/940, R940/970) to estimate
eggplant and bell pepper yield at different growth periods
under deficit irrigation conditions.

2. MATERIALS AND METHODS
2.1 Experimental Setup

The research was conducted during the 2011 growing
season at the Dardanos Agricultural Experimental Station
of Canakkale Onsekiz Mart University in Canakkale,
Turkey. Soil characteristics of the study area are presented in Table 1. Climatic data for 1975-2010 and 2011 are
presented in Figure 1.

TABLE 1 - Soil characteristics of the study area.
Depth (cm)
0-30
30-60
60-90

Field Capacity Wilting Point
Pw (%)
Pw (%)
0.31
0.18
0.32
0.20
0.28
0.19

Bulk Density
(g cm-3)
1.29
1.36
1.37

Texture
Clay-loam
Clay-loam
Clay

Clay
(%)
43.1
42.3
41.4

FIGURE 1 - Climatic data of the study area from 1975-2010 and 2011.
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Silt
(%)
26.7
22.6
13.0

Sand
(%)
30.2
35.1
45.6
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Eggplant (Solanum melongena cv. “Aydin Siyahi”)
and the bell pepper (Capsicum annuum L. “California
Wonder”) were planted on June 10, 2011. The experiments were completed on October 3, 2011 and October
17, 2011, respectively. Plots were designed randomly with
three replications. Row and within row spacing for eggplant and bell pepper were 1.00x0.50 m and 0.70x0.33 m,
respectively. The size of each plot was 4.0x4.0 m for
eggplant and 2.8x3.3 m for bell pepper. There was 1.5 m
gap between each plot to prevent water movement between treatments. Soil moisture levels were measured
following initial irrigation of all treatments up to the field
capacity. The soil water content in plots was determined
gravimetrically in the root zone (0-90 cm) during growing
stage. Four irrigation levels were applied as per field capacity 100% (S100), 66% (S66), 33% (S33) and 0% (S0) in
two experiments. The S100 irrigation treatment was applied to consume available soil moisture in the root zone
(0-90 cm) for a 7-day interval. In S66; 66% of S100 was
applied while the 33% of same water applied in S33. In
S0 treatment no irrigation was applied. The main and
manifold pipes had 75 mm diameter and 6 atm operating
pressure. The plots were irrigated by drip irrigation. Laterals having 16 mm diameter were laid in each plant row
and inline emitters with a discharge rate of 4 l h-1 and a
dripper spacing of 0.33 m intervals were used. The system
was operated at 100 kPa. The control unit of the system
had a pump, control valves, disc filters and water counter.
Caisson well was used as the water source and its electrical conductivity and pH values were 1.1 dS m-1 and 7.2,
respectively. The plots were fertilized on June 10, 2011
and July 1, 2011 with 5 kg da-1 of N15P15K15 fertilizer.

2.2 Spectral Measurements and Indices

The spectral reflectances of the eggplant and bell pepper canopy were measured before irrigation using Fieldspec
HandHeld Pro spectroradiometer with a 25 degree field of
view. This device has a wavelength range between 325 and
1075 nm. The spectroradiometer was connected to a computer serially. The reflectance measurements were taken
between 11:00 and 14:00 local time under cloudless sky
conditions. Five scans were made and averaged for each
plot of both plants. The measurements were taken 0.5 m
above the crop canopy. The spectroradiometer was recalibrated for each plot using a white reference plate. Development periods were divided into three stages including
(1) vegetative (V), (2) flowering (F) and (3) fruit growth
(FG). The spectral measurements started with the beginning of vegetative stage and continued until the end of
fruit growth stage for both plants.
The eight spectral indices ( Simple Ratio Index (SR),
Normalized Difference Vegetation Index (NDVI), Green
Normalized Difference Vegetation Index (GNDVI), Water Band Index (WBI), Photochemical Reflectance Index
(PRI), Wide Dynamic Range Vegetation Index (WDRVI),
Enhanced Vegetation Indices (EVI), Red Edge Normalized
Difference Vegetation Index (RENDVI) were calculated
using the equations provided in Table 2. Additionally, six
spectral bands (R645, R663, R970, R940, R970/940 and R940/970)
were used. Data processing and calculation of spectral
indices were conducted at the Agricultural Sensor and
Remote Sensing Laboratory of Canakkale Onsekiz Mart
University.

TABLE 2 - Vegetation Indices Equations
Spectral indices
Simple Ratio (SR)

Normalized Difference Vegetation Index (NDVI)
Green Normalized Difference
Vegetation Index (GNDVI)
Water Band Index (WBI)

Photochemical Reflectance Index (PRI)

Wide Dynamic Range Vegetation Index (WDRVI)

Enhanced Vegetation Indices (EVI)

Red Edge Normalized Difference Vegetation Index (RENDVI)

Equation

References

R
SR = 800
R675
R − R675
NDVI = 800
R800 + R675
R − R675
GNDVI = 800
R800 + R675

WBI =

R900
R970

R550 − R531
R550 + R531
0.1xR800 − R675
WDRVI =
0.1xR800 + R675
2.5 x( R800 − R675 )
EVI =
( R800 + 6 xR675 − 7.5 xR450 + 1)
R − R700
RENDVI = 800
R800 + R700
PRI =
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2.3 Statistical Analysis

Data were analyzed using the SPSS software package
(ver. 17.0). Step-wise multiple linear regression analyses
were used to determine the relationships between yields
and spectral indices.
3. RESULTS AND DISCUSSION
3.1 Total Irrigation Water Amount and Yield

The study was carried out 116 and 130 days for eggplant and bell pepper, respectively. All treatments were
irrigated equally until the water deficit observed. Water
deficit started 26 days after planting (DAP26) in both plants.
Total irrigation water amount (TIWA) and yield (t ha-1) of
eggplant and pepper are presented in Figure 2.
The total irrigation for eggplant and pepper varied between 36-666 and 72-801 mm, respectively. The highest
and lowest yields of both plants were obtained from S100
(control) and S0 (non-irrigated) irrigation treatments,
respectively. The yields were obtained between 13.2131.54 t ha-1 for eggplant and 20.25-84.16 t ha-1 for bell
pepper. In other studies, eggplant yield was found to be
10.11-21.14 t ha-1 [4], 36.50-103.10 t ha-1 [33], 5.80-48.20
t ha-1 [5], 13.40-33.80 t ha-1 [6] under different irrigation
levels. Studies on different varieties of pepper yield were
found to be 24.5- 47.5 t ha-1 [3], 20.25- 32.55 t ha-1 [34],
21.39-35.92 t ha-1 [35], 4.47-63.64 t ha-1 [36] under different irrigation levels. The differences between the results
of this study and others may be due to different climatic
conditions, soil properties, irrigation methods, irrigation
amount and variety of peppers and eggplant.
3.2 Predicting Yield Using Spectral Indices

Cross-validated prediction yield using step-wise multiple linear regressions at different growth stages of egg
plant and bell pepper are shown in Figure 3. Also, regres-

sion models obtained from step-wise multiple linear regressions analysis between yield (t ha-1) and spectral indices or band at different growth stages for both plants are
presented in Table 3.
SR, NDVI, GNDVI, WBI, WDRVI, EVI and RENDVI
spectral indices, and R645, R663, R970, R940, R970/940 and
R940/970 spectral bands were used to determine eggplant and
bell pepper yields. Yield estimation was based on three
different growth stages (V, F, FG) of both plants. The correlation coefficients were between 0.921-0.997 for eggplant and 0.857-0.900 for pepper (Figure 3).
The highest correlation coefficient for eggplant and
bell pepper were obtained at FG (0.997) and V (0.900) stage,
respectively. Also, the correlation coefficient values were
higher for the two plants (Figure 3). The r values of eggplant were generally higher than that of bell pepper. According to findings, SR and R970/940 for V stage, WDRVI
for F stage and R970/940, R663 and RENDVI for FG stage
were significant in eggplant, while PRI for V and FG stages,
R970 for F stage were significant in pepper. Although different spectral indices (SR, WDRVI, RENDVI) and bands
(R 970/940, R 663), were found to be accurate in estimating
eggplant yield; PRI and R970 values were sufficient to
estimate bell pepper yield.
Other studies have reported that the most accurate
spectral indices to estimate yield of tomato was NDVI
[23]. Ferrio et al. [16] estimated the durum wheat yield
using the visible and near-infrared reflectance values.
Also, Babar et al. [24] used WI, NWI-1 and NWI-2 spectral indices to estimate wheat yield. The SAVI index was
used to estimate green bean yield [25], OSAVI and SR
indices were used to estimate watermelon yield [12]. The
relationship between spectral indices and yield for each
plant may not be same during the same growth stage.
Plant variety, climate and irrigation amount were significant variables to estimate yield using spectral indices.

FIGURE 2 - TIWA and yield (t ha-1) values of eggplant and pepper.
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(a)

(b)

(d)

(c)

(e)

(f)

FIGURE 3 - Cross-validated prediction yield using step-wise multiple linear regressions; (a) V stage, (b) F stage (c) FG stage for eggplant, (d)
V stage, (e) F stage (f) FG stage for bell pepper.
TABLE 3 - Regressions models between yield (t ha-1) and spectral indices or band at different growth stages
Plant
Eggplant

Bell Pepper

Figure
3a
3b

Growth stages
V
F

3c

FG

3d
3e
3f

V
F
FG

Equation
Y= -40553.136+(798.131xSR)+(40116.616xR970/940)
Y= 1408.192+(6443.062xWDRVI)
Y=42672.945+(-40955.133xR970/940)+
(-25680.794xR663)+ (-3302.949x RENDVI)
Y= -8290600.380+(4.706x10-8xPRI)
Y= -4780225.061+(73425.342xR970)
Y=-20017.959+(291233.361xPRI)

*Y= yield

4. CONCLUSION
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THE VARIATION OF PLANT STRESS INDICATORS AND
SOME TRAITS UNDER DIFFERENT IRRIGATION
AND NITROGEN LEVELS IN THE ROCKET
Kursad Demirel*, Gokhan Camoglu, Levent Genc and Unal Kizil
Agricultural Sensor and Remote Sensing Laboratory, Canakkale Onsekiz Mart University,
Department of Agricultural Structures and Irrigation, 17020 Canakkale, Turkey

ABSTRACT
The objectives of this study were to determine the
changes of plant stress indicators (relative water content,
chlorophyll readings, canopy temperature and spectral indices) and some traits (yield, evapotranspiration, water use
efficiencies) under different water and nitrogen levels in
rocket (Eruca sativa MILL.). The pot experiment was
conducted at two different vegetation periods (VP) under
field conditions, in 2013. Four different irrigation treatments were examined (lack of moisture in pot with 3-days
interval completed to 100%, 75%, 50% and 25%), in conjunction with 3 different nitrogen (N) applications (7 g m-2
N, 14 g m-2 N, no nitrogen). Results indicated that irrigation and nitrogen had a significant effect on plant stress
indicators and investigated traits. ETday and yield values
were obtained at 4.9-9.9 mm and 370-2288 g m -2 for
VP1 as well as 3.4-7.4 mm and 640-2842 g m-2 for VP2,
respectively. The coefficient of determination (R2) values
between relative water content and evapotranspiration were
0.91 and 0.88 for VP1 and VP2, respectively. Also, the
relationship between the yield and ChlR was seen to be
significant (R2 = 0.87 and 0.90, p<0.05) in this study.
Spectral indices have been used successfully at water
deficit and lack of nitrogen. It was clearly seen that canopy temperature was better than other indicators, with
regard to the determination of stress dependence on irrigation and nitrogen levels in the rocket.
KEYWORDS:
Stress, nitrogen, irrigation, rocket, indicators

1. INTRODUCTION
Rocket (Eruca sativa Mill.) is a well-known vegetable
in Mediterranean countries, such as Turkey, Spain, Italy,
and Portugal, where it is consumed mainly in salads. It can
be grown in these countries throughout the year. The annual
* Corresponding author

production of rocket in Turkey was 7689 tons [1]. Since
most of the production is done by amateur gardeners, the
actual production is not known [2].
Water scarcity is increasing due to global warming,
and water saving is becoming increasingly important. Since
drought stress is one of the major factors limiting the
production, it is vitally important that technologies, such
as remotely-sensed spectral reflectance, may be used to
estimate water stress [3-5], plant water content [6, 7], chlorophyll content [8, 9], and yield [10, 11].
The main symptoms of water stress in plants are fading leaves, decrease in plant water potential and relative
water content [12]. Therefore, determination of water content of leaves provides great advantages for growers in the
detection of water stress [13]. However, water content measurements are difficult and time-consuming [14]. Likewise,
determination of plant chlorophyll content is time-consuming and difficult. A chlorophyll meter was certified to
provide a simple, quick, and nondestructive estimation of
leaf chlorophyll content [15]. Many researchers determined the relationships between yield and N status using
a chlorophyll meter [16, 17]. Another indicator of stress
in plants is canopy temperature. The canopy temperature
increases in water-stressed plants due to evapotranspiration of the plant decreases [18]. Since plant canopy temperature is related to the water status of the plant and the
soil, this can be used as an irrigation management tool
and measured noninvasively by remote sensing [19]. A
thermal camera or an infrared thermometer is used to determine plant canopy temperature. Spectral reflectance can
be used to detect plant water stress. Plants that fall into
water stress or non-stress categories were shown to exhibit different spectral reflectance at different wavelengths
[20].
There are many studies on rocket, such as effect of
different nitrogen concentrations on yield [21-24], quality
[25, 26], water use efficiency [27, 28], accumulation of
nutrient contents [2, 29, 30], vitamin C and other mineral
contents [31]. Nevertheless, there are few specific studies
with deficit irrigation levels on rocket. In particular, effects
on the yield, crop water consumption, water-use efficien-
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cies, relative water content, chlorophyll content, canopy
temperature, and spectral characteristics of irrigation and
nitrogen need to be explored.
The aim of this study is to determine changes of these
features under different irrigation and nitrogen levels in
rocket.
2. MATERIALS AND METHODS
2.1 Site, Climate and Soil

This study was conducted during 2013 at two vegetation periods (June and September) in Dardanos Agricultural Experimental Station of Canakkale Onsekiz Mart
University in Canakkale, Turkey, located at 40° 04´ north
latitude and 26° 21´ east longitude. Average air temperatures, wind speed, relative humidity and sunshine duration
during each vegetation period were 25.7 and 22.0 °C, 4.0
and 2.8 m s-1, 51.8 and 58.4%, 12.2 and 9.9 h, respectively.
Sandy clay loam soil was used as the growing medium.
Organic matter in the pot soil was measured to be 1.28%,
and 12.5 kg soil was used per pot.

pacity (SWC) [32]. After draining excess water, the SWC
per pot was calculated (17%). SWC was determined by
means of weighing methods.
Evapotranspiration (ET) of the turfgrass was estimated using Equation 1 [33]:

ET = I + P + D ± R ± ΔS

(1)
where, I = irrigation water applied during growth period (mm), P = effective rainfall during growth period (mm),
D = amount of drainage water (mm), R = amount of runoff (mm), and ΔS = change in soil moisture content determined by weighing methods (mm).
Water use efficiency (WUE, kg m-3) and irrigation
water use efficiency (IWUE, kg m-3) [34] were estimated
using Equations 2 and 3, respectively:

Y
(2)
ET
Y
(3)
IWUE =
I
where, Y is yield (kg ha-1) and I is irrigation depth (mm).
WUE =

TABLE 1 - Treatments in the pot experiment.

2.2 Experimental Design

The experiment was arranged in a randomized complete block design with 4 pots per replicate, and 4 replicates per treatment. The plastic pots had a volume of 10 L
(diameter of evaporation surface = 30 cm, height = 30 cm).
The treatments are presented in Table 1. Four different
irrigation (I) levels were selected: 100% (I100), 75% (I75),
50% (I50), and 25% (I25) of soil water-holding capacity.
I100 irrigation treatment was applied to consume available moisture in pot for a 3-days interval; in I75, 75% of
S100 was applied; in I50, 50% of S100 was applied; and
in I25, 25% of S100 was applied. In addition, for each
irrigation regime, 3 different N levels were applied during
the experiment: N0 = no nitrogen, N1 = 7 g m-2 and N2 = 14
g m-2 for a total of 12 treatment combinations (Table 1).
NovaTec® Solub 16-30 (16% NO3, 30% P2O5) was applied to the pots as nitrogen source. The irrigation interval
was 3 days for all treatments, and pots were irrigated by
hand, based on weighing methods. A Caisson well was
used as the water source with electrical conductivity of 1.2
dS m-1 and pH value of 7.3. The rocket (Eruca sativa
MILL.) was sown at 1.0 g m-2 on July 1, 2013 and August
28, 2013, and the experiment was completed on July 30,
2013 and September 29, 2013. All treatments were irrigated
equally until water deficit commenced. Water deficit for 1
and 2 vegetation periods began 11 days after sowing
(DAS11), and 14 days after sowing (DAS14), respectively.
2.3 Calculation of Evapotranspiration and Water Use Efficiencies

The water-holding capacity of the soil for each pot
was determined at the beginning of the experiment. Pots
were initially saturated with tap water and covered to
prevent evaporation. Water content of the soil after draining excess water was taken as the soil water-holding ca-

Treatment
I100N2
I100N1
I100N0
I75N2
I75N1
I75N0
I50N2
I50N1
I50N0
I25N2
I25N1
I25N0

Explanation
Irrigation
Applied to consume available
moisture in pot
75% of applied water to I100

50% of applied water to I100

25% of applied water to I100

Nitrogen
14 g m-2 N
7 g m-2 N
No nitrogen
14 g m-2 N
7 g m-2 N
No nitrogen
14 g m-2 N
7 g m-2 N
No nitrogen
14 g m-2 N
7 g m-2 N
No nitrogen

2.4 Measurements in the Study

Measurements were conducted 4 times (DAS20,
DAS23, DAS26 and DAS29 for VP1; DAS17, DAS23,
DAS 26 and DAS32 for VP2), in both periods.
2.5 Determination of Relative Water Content

To measure relative water content (RWC), 3 leaves
were sampled from each pot. Then, immediately after cutting their blade, the leaves were put in aluminum foil and
kept in a cool place. Fresh leaves were then immediately
weighed (fresh mass, FM) in the field. The leaves were
held in distilled water at room temperature (approximately 20 °C) about 24 h. After the leaves were removed,
surface water was blotted-off and the turgid mass (TM)
was determined. Then, leaf samples were placed in a preheated oven at 70 °C, for 48 h, in order to obtain the dry
mass (DM). Values of FM, TM and DM were used to
calculate RWC, using Equation 4 [35]:
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2.6 Chlorophyll Readings

Leaf chlorophyll content was measured in the leaves
using a CM 1000 chlorophyll meter (FieldScout, Spectrum Technologies, Inc., Plainfield, IL). Measurements
were performed at 3 different leaves, and 3 different points
of each leaf in each pot. Measurements were made with
the same brightness value (BRT = 5) throughout both
growing seasons. Chlorophyll readings (ChlR) were taken
between 11:00 and 14:00 local time, under cloudless conditions. The ChlR measurements were taken before irrigation applications throughout both vegetation periods.

Yhijkl = µ + Th + Ii + Nj +IThi + TNhj + INij + TINhij + Bk +
ehijkl
(5)
where; Yhijkl is the observed value, µ is grand mean,
Th is time effect h (h = 1, 2, 3, 4), Ii is effect of ith irrigation (i = 1, 2, 3, 4), Nj is effect of the jth nitrogen dose (j =
1, 2, 3), IThi is effect of irrigation x time interaction, TNh:
is effect of nitrogen x time interaction, INij is effect of
irrigation x nitrogen interaction, TINhij is effect of time x
irrigation x nitrogen interaction, Bk is k block effect (k =
1, 2, 3), and ehijkl is random error term.
TABLE 2 - Spectral Indices Equations

2.7 Canopy Temperature and Ambient Air Temperature

Canopy temperatures (Tc) were measured at 11-12 am
using an infrared camera (FLUKE Ti27 model, FLUKE,
USA) with a resolution of 240x180 pixels within a waveband of 8-14 µm. The emissivity for the rocket was adjusted to 0.98. Measurements were started after plants fully
covered the surface of the pots. Therefore, average temperature in pots was calculated by average value of plant
temperature within an area selected as a circle on each pot
in image. All thermal images were acquired on clear days
with minimal wind conditions (<2 m/s). Ambient air temperature (Ta) was obtained from an aspirated psychrometer (Aryavet, model ZL-176, Turkey). Psychrometer measurements were taken in a shaded location about 1.5 m
above ground. The difference between canopy temperature
and air temperature was assessed as Tc-Ta.

Spectral Indices

Equation

Simple Ratio (SR)

SR =

Normalized Difference Vegetation
Index (NDVI)

SAVI =

Water Band Index
(WBI)

WBI =

Normalized Water
Index (NWI-2)

2.8 Spectral Measurements and Indices

The spectral reflectance of the rocket canopy leaves
was measured before irrigation using a FieldSpec
HandHeld Pro spectroradiometer (Analytical Spectral
Devices Inc, Boulder, CO, USA), with a 10 degree field
of view. This device has a wavelength range between 3251075 nm. The spectroradiometer was serially connected to
a computer. The reflectance measurements were taken
between 11:00 and 14:00 local time, under cloudless
conditions. Five scans were averaged for each measurement of plants, and the measurements were performed at
0.3 m above the pots. Each spectral reflectance was obtained after radiance measurement using a standard white
reference panel (Spectralon, Labsphere, Sutton, NH, USA).
The spectral measurements started after plants fully covered the surface of the pots, and were continued until the
end of the vegetation period in rocket.
The 6 spectral indices were calculated using the equations in Table 2. Data processing and calculation of spectral indices were conducted at the Agricultural Sensor and
Remote Sensing Laboratory of Canakkale Onsekiz Mart
University.
2.9 Statistical Analysis

Data (RWC, ChlR, Tc-Ta, NDVI, WBI, SR, SAVI,
NWI-1, NWI-2) were analyzed with SAS V8 (SAS Inst.,
1999) using PROC MIXED procedure based on the following model (Equation 5):

R800
R675
R − R675
NDVI = 800
R800 + R675

Soil-Adjusted
Vegetation Index
(SAVI)

Normalized Water
Index (NWI-1)

References

(1 + 0.5)(R800 − R670 )
(R800 + R670 + 0.5)

R900
R970
R − R900
NWI − 1 = 970
R970 + R900
R − R850
NWI − 2 = 970
R970 + R850

[36]

[37]

[38]

[6]

[39]

[39]

Time effect (Th) in the above model was not included
for ET, Yield, WUE, and IWUE traits. Differences between
treatment means were determined using Tukey’s test.
Biplot graphics were created using the BiplotGUI
package [40] for the separation of applications according to
the spectral indices by R 2.15.1 program [41]. Canonical
variate biplot analysis was conducted with data obtained
from different applications. The estimated values belonging
to observations on the chart were determined with the option to predict, and there had not been a transformation of
data. Also, Univariate regression analysis was used to
compare RWC and Tc-Ta, RWC and ETday, Yield and
RWC, as well as Yield and ChlR for both vegetation
periods.
3. RESULTS AND DISCUSSION
3.1 Irrigation Water and Evapotranspiration

The total irrigation water amount (TIWA), seasonal ET
(ETs) and mean daily ET (ETday) values are presented in
Table 3. According to TIWA, the first vegetation period
(VP1) was higher than the second one (VP2) for all treatments (Table 3). At the same time, ETs and ETday values in
the VP1 were higher than VP2. This is because a higher
temperature was observed in VP1 with regards to VP2.
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TABLE 3 – Effect of irrigation (I) and nitrogen (N) levels on total irrigation water amount (TIWA), seasonal and daily ET, yield and water use efficiency (WUE), irrigation water use efficiency (IWUE) of two vegetation periods in the rocket.
TIWA
(mm)

ET* (mm)
Seasonal (ETs)

Yield
WUE
IWUE
(g m-2)
(kg m-3)
(kg m-3)
Vegetation Periods (VP)
I
N
VP1 VP2 VP1
VP2
VP1
VP2
VP1
VP2
VP1
VP2
VP1
VP2
I100
N2
282
223
297A
245A
9.9A
7.4A
2288A
2842A
7.7A
11.6A-C
8.1A
12.8AB
I75
N2
225
177
249D
210B
8.3D
6.4B
1671B
2647AB
6.7A
12.6AB
7.4A
15.0AB
I50
N2
169
131
200G
171E
6.6G
5.2DE
890D
2129BC
4.5BC
12.4A-C
5.3B
16.2A
I25
N2
116
85
155I
130H
5.2I
4.0GH
555E
1174EF
3.6C-E
9.0A-D
4.8B-E
13.7AB
I100
N1
268
196
283B
214B
9.4B
6.5B
1495B
2480AB
5.3B
11.6A-C
5.6B
12.8AB
I75
N1
215
157
238E
188C
7.9E
5.7C
1131C
2400AB
4.8BC
13.0A
5.3B
15.6A
I50
N1
162
117
193GH 156F
6.4H
4.7F
794D
1802CD
4.1B-D
11.5A-C
4.9BC
15.3A
I25
N1
112
78
147J
121I
4.9J
3.7H
422E
1088EF
2.9DE
8.6B-D
3.8C-E
13.2AB
I100
N0
254
159
270C
178D
9.0C
5.4D
1245C
1474DE
4.6BC
8.4CD
4.9B-D
9.3B
I75
N0
201
129
226F
162EF
7.5F
4.9EF
852D
1384DE
3.8C-E
8.5B-D
4.3B-E
10.7AB
I50
N0
155
99
188H
139G
6.3H
4.2G
535E
1344DE
2.8E
10.7A-C
3.5DE
14.9AB
I25
N0
109
69
146J
112J
4.9J
3.4I
370E
640F
2.6E
5.7D
3.4E
9.2B
*Seasonal rainfall = 0.2 mm for VP1 and 10.2 mm for VP2. Values having a common letter are not significantly different (Tukey test at 5%).
Treatments

Daily (ETday)

According to ETs values of VP1, the differences between the levels of the irrigation on each of the nitrogen
applications were found to be statistically significant. The
ETs values were decreased due to the decline of N levels at
I100 and I75 irrigation levels, and these differences were
also significant. ETday results were similar to ETs. The
differences among different nitrogen applications at same
irrigation levels and also different irrigation levels at same
N applications were significant in VP2. A similar result
was obtained, except for N application, at I25 for ETday.
Reductions from N2 to N0 applications and from I100 to
I25 irrigation levels were found to be significant for ETs
and ETday at VP2. However, there was a small difference
between treatments at VP2, such as I75N2 and I100N1 for
ETs and ETday. These results demonstrate that N, irrigation and N x irrigation (N x I) interactions had a significant
impact (p< 0.01) on the ETs and ETday of rocket (Fig. 1).
Water consumption increased because of increasing N that
affected the plant growth [28].
3.2 Yield and Water Use Efficiencies

Looking at yield values for VP1, the differences between the levels of the irrigation on each nitrogen application, except for I50N0 and I25N0 treatments, were found
to be statistically significant. There were no significant
differences between I75N2 and I100N1, I75N1 and
I100N0, and among I50N2, I50N1, I75N0 treatments at
VP1. Also, there were no significant differences between
irrigation levels close to each other on each nitrogen application at the VP2 to be different from VP1. Yield values at
I75N2 and I50N2 treatments were higher than I100N0,
I75N0 and I50N0 treatments at VP2, and differences between these treatments were statistically significant. It can
be said that effect of N (except that of I25 treatment) compared to irrigation at VP2 was more effective than VP1. In
addition, N, I and N x I interactions had significant impact
(p< 0.01) on rocket yield for both periods (Fig. 1).
Some studies reported that N [28, 22] and nitrogen x
irrigation interaction [25] had a significant impact on rocket.

FIGURE 1 - Significance levels for seasonal and daily ET, yield,
WUE, IWUE for VP1 (a) and VP2 (b).

Nicola et al. [25] found that rocket yields varied from 680
to 1003 g m2 and from 874 to 1099 g m2 at two different
nitrogen (30 and 60 mmol L-1 N) and irrigation applications. Nurzynska-Wierdak [22] found that yield was 7.710.9 g dm-3 (in our study, 1.3-7.7 g dm-3 for VP1 and 2.79.6 g dm-3 for VP2) at different nitrogen and potassium
applications. Freitas et al. [42] reported that yields dur-
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ing July-August and September-October periods were 0.65
and 1.97 t ha-1, respectively (650 and 1970 g m-2). Acikgoz Eryılmaz [31] reported the yield to be 1250 kg da-1
and 1100 kg da-1 (1250 and 1100 g m-2) at growing in the
autumn and spring season, respectively. Tuncay et al. [23]
reported that yield values were 2136-2867 g m-2 for the
first year, and 1976-3624 g m-2 for the second year, at
different growth periods and nitrogen applications. Jakse

et al. [24] found yield of 2.13 and 1.89 kg m-2 (2130 and
1890 g m-2) at different growing media (vermiculite and
perlite). These results show similarity with the findings
herein. In addition, some environmental and agronomic
factors might significantly affect the changes yield [43].
Looking at WUE and IWUE, there was no significant
difference between treatments which are close to each other

FIGURE 2 - The changes of ChlR, RWC and Tc-Ta values for VP1 (a) and VP2 (b).
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at VP1 and VP2. The highest WUE values were obtained
for I100N2 and I75N2 treatments in VP1, and the highest
value was obtained in I75N1 treatment in VP2. However,
there was no significant difference between I75N1 treatment and other treatments, except for I25N1, I100N0,
I75N0 and I25N0 at VP2. The IWUE values were generally similar to WUE values for both periods. The N and I
had a significant impact (p<0.01) on WUE and IWUE for
both periods (Fig. 1) while N x I interaction had a significant impact (p<0.01) on WUE and IWUE values at VP1
and a non-significant one in VP2 because the yield in VP2
was higher than that of VP1, and also ET and TIWA values
were lower than VP1. WUE values were found to be 5.05
kg/ ha-mm [27], 2.6-2.8 g L-1 (2.6-2.8 kg m-3) [28]. These
results are similar to result of VP1 periods but different
from VP2, in this study. Climatic factors might have
caused this difference.

similar relationship in corn. Camoglu et al. [52] stated
that RWC values changed depending on olive cultivars
and irrigation treatments.
3.5 The Change of Differences between Canopy Temperature
and Air Temperature

Differences between the canopy and air temperatures
(Tc-Ta) were generally rising depending on increased water stress at all N applications in both periods (Fig. 3). Although N level had significant effects on Tc-Ta values, the
difference between different N applications in each irrigation level were found to be quite small. The highest value
was obtained at I25 irrigation level. Jones et al. [18] reported that the rising of Tc-Ta values is also an indicator
of stress in plants. It was shown that N, irrigation and all
interactions had a significant impact on the Tc-Ta of
rocket in both periods (Fig. 3).

3.3 Chlorophyll Readings

The changes and significant levels of chlorophyll reading (ChlR) values are presented in Figs. 2 and 3, respectively. The second measurement period (VP2) was conducted
for 6 more days due to weather conditions (Fig. 2b). ChlR
values were generally decreased due to reduced irrigation
and N in both periods (Fig. 2). The highest values were
obtained at I100N2 treatment. When irrigation levels were
evaluated on each of N applications, there was no difference between treatments, close to each other. Looking at
the values of ChlR in both periods, a similar trend was
observed between weeks. While N x I interaction was
significant (p<0.05) in VP1, it was not found to be significant in VP2 (Fig. 3). Warmer air temperature in VP1 than
in VP2 might be the reason for this difference. As a result,
it can be said that I and N had a significant impact
(p<0.01) on the ChlR of rocket. Total chlorophyll content
usually increased with increasing nutrient concentrations
on rocket [44, 45]. Other studies conducted in different
plants reported that N [16, 17, 46], and irrigation [46-48]
had a significant effect on ChlR values.
3.4 Relative Water Content

The difference among each irrigation level was not
statistically significant at different N applications of all
measurements in VP1 (Fig. 2). It was seen that the highest RWC values were obtained at I100 irrigation level.
While RWC value was only at a minimum with I25 irrigation levels in VP2, it was generally at I25 and I50 in
VP1 (Fig. 2). The difference between I25 and I50 was not
observed because air temperature in the VP1 was higher
than that in VP2. While N has not a significant effect on
RWC, irrigation was found to be significant (p<0.01). As
a result, when both periods were evaluated together, irrigation had a significant impact (p< 0.01) on the RWC of
rocket at both periods (Fig. 3). In other studies, Nautiyal
et al. [49] reported that RWC values had relationship with
soil water content. Sayyari and Ghanbari [50] stated that
there is a strong relationship between RWC and irrigation
(p<0.01) in pepper. Also, Schlemmer et al. [51] reported

FIGURE 3 - Significance levels for ChlR, RWC and Tc-Ta for VP1
(a) and VP2 (b).

The weekly changes of Tc-Ta were also found to be
significant due to different air temperatures in both periods. Jackson et al. [53] reported that Tc-Ta values may be
useful in determining irrigation requirements on wheat.
Singh and Kanemasu [54] identified significant correlations between Tc-Ta and Pearl Millet yield depending on
varying irrigation. Akkuzu et al. [55] reported that Tc-Ta
values decreased, depending on increasing amount of
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irrigation on olive trees. Camoglu [32] stated that Tc-Ta
was highest in the fully water-stressed treatment but lowest in the non water-stressed treatment of olive trees. In
another study, Camoglu and Genc [9] used Tc-Ta to determine the water stress. They found that the differences
between irrigation treatments were statistically significant
increasing under water stress in green beans. In light of
these data, it can be said that canopy temperatures are
potentially used to determine water and nitrogen stress on
plants.

ods. The relationship between the yield and ChlR was
seen to be better than that of yield and RWC. Scharf et al.
[17] found that R2 values were 0.53-0.76 between yield
and ChlR, according to different nitrogen applications in
corn. Demirel et al. [8] reported that coefficient of determination (R2) values between yield and ChlR were 0.910.94 for different vegetation periods of watermelon. Camoglu [32] found that relationship between ET and Tc-Ta was
62-74% in olive trees.
3.7 Spectral Indices

3.6 Relationships between Investigated Traits

Relationships between RWC and ETday, Tc-Ta are
presented in Fig. 4, for VP1 and VP2. Also, relationships
between yield and ChlR, RWC are presented in Fig. 5.
Coefficient of determination (R2) between RWC and TcTa was found to be 0.85 for (p<0.05) both periods. R2
values between RWC and ETday were 0.91 and 0.88 according to periods, respectively. When two periods were
evaluated together, the relationship between them was
seen to be significant (Fig. 4). There was a positive relationship between yield and ChlR, and also yield and RWC
(Fig. 5). R2 values were close to each other for both peri-

In this study, CVA Biplot graphics were used to discriminate irrigation levels and N applications, combined
with these levels based on calculated spectral indices
(Fig. 6). Significance level (p) values were determined by
analysis of variance on the spectral indices as presented in
Fig. 7. According to the graphic in VP1, I100 irrigation
levels clearly separated from I25, and SR had a distinctive
spectral index of I100 irrigation level. I50 and I25 irrigation levels were noticeably separated from I25. As I50
and I75 irrigation levels could not be distinguished by the
spectral indices, N1 and N2 nitrogen applications separated
from N0 application, in these applications. For all that,

FIGURE 4 - Relationship between RWC and ETday, Tc-Ta for VP1 (a) and VP2 (b).

FIGURE 5 - Relationship between yield and ChlR, RWC for VP1 (a) and VP2 (b).

1249

© by PSP Volume 23 – No 5. 2014

Fresenius Environmental Bulletin

FIGURE 6 - Biplot graphics for WBI, NWI-1, NWI-2, SR, NDVI, SAVI indices for VP1 (a) and VP2 (b).

FIGURE 7 - Significance levels for WBI, NWI-1, NWI-2, SR, NDVI, SAVI indices for VP1 (a) and VP2 (b).
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there was not a distinction between N application at I100
and I25 irrigation levels. Nitrogen and date x nitrogen
interaction had not a significant effect on spectral indices
in VP1 (Fig. 7a).
The discrimination of I100 and I50 irrigation levels
according to spectral indices in VP2 was similar to VP1.
The distinguishing feature of the SR index at I100 in VP1
has been eliminated in VP2 (Fig. 6b). While I25 and other
irrigation levels according to calculated spectral indices
were clearly separable, the potential of separation depending on spectral indices at I100, I75 and I50 irrigation levels
was decreased according to VP1. The effect on spectral
indices of N application was increased in VP2. Especially,
change in the spectral indices has shown similarity with
the increase in the dose of N at I100, I75 and I50 irrigation levels. Main effect of N application was found to be
significant unlike VP1 (Fig. 7b). Date x N x I interaction
had not a significant effect on changes in the calculated
spectral indices in both periods (except for SR index in
VP2). According to these results, spectral indices could be
used successfully in the determination of the water and N
deficiency in rocket. However, there was a significant impact of environmental conditions and vegetation period. In
addition, N applications had a significant effect in VP2,
while irrigation levels had a significant effect on the classification in VP1.

yielded better results in the discrimination of traits compared to the other five indices. Accordingly, this index
could be successfully used in the determination of water
and N deficiency in rocket. Also, nitrogen x irrigation x
date interactions affected only Tc-Ta values of rocket.
It was observed that canopy temperature was better as
indicator in the determination of stress in rocket. For all
that, plant stress indicators can be used to determine water
and nitrogen stress in rocket.
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ABSTRACT
In this study, genetic differences and similarities were
determined between the sampled populations of Turkish
red pine (Pinus brutia Ten.) in Turkey. However, seeds
were collected from 12 different seed stands of Turkish red
pine. Seed collections covered at least 20 trees per population.
In the study, haploid endosperms and diploid embryos
of the air-dry seeds of Turkish red pine were used in isoenzyme analysis. In Turkish red pine, 12 gene loci were
observed. According to the results, real seed harvest stands
were tried to be determined.

KEYWORDS: Genetic diversity, genotype, geographic variation,
differentiation, inbreeding, Pinus brutia

1. INTRODUCTION
Pinus brutia Ten. is an ecologically and economically
significant tree species in Turkey. Pinus brutia (Turkish
red pine) has a wide range in Turkey with major appearance in the coastal regions, and main focus in South Anatolia (see Fig. 1). P. brutia forests cover an area of
3.096.064 hectares, representing 37% of the total area of
coniferous forests in Turkey [1]. This species also appears
scattered along the coastal areas of the interior Black sea
region where it occupies the bottom of the drier and
warmer valleys. In addition, this tree species has a few isolated populations in South-Eastern Anatolia. It covers
elevations from sea level up to 1300 m in the south but
can reach an upper limit of 1650 m in this region while it
is not common above 900 m in the west. Pinus brutia is
known to tolerate more aridity and poorer soils than most
of the tree species growing in the Mediterranean climate.
Although it requires mild winters, some of its provenances can grow successfully out of its natural habitat, on
sites of drier and cooler climate [1]. This tree can be used
for afforestation of degraded areas in the Mediterranean
region and elsewhere, where there are homologues climates,
* Corresponding author

because of its drought resistance [2]. In South- and WestAnatolia, Pinus brutia grows mainly in extensive stands,
and is also found in the Marmara region. Stands reveal
greatest commercial importance at elevations of 200-400 m
in the north-west of the Black Sea region. In the indigenous P. brutia forests, the species is in pure stands. However, it grows also in mixed stands with Pinus nigra Am.
var. pallasiana Schneid., Cedrus libani Richard., Juniperus
excelsa Bieb., and less commonly, with Abies cilicica Carr.
and some commercial broad-leaved tree species [3-5].
The biological status and the different ecosystems enable a superior biodiversity in Turkey. Turkey is defined
as rich in terms of living species because of its geographical location, suitable climatic conditions, and its diversity
in habitats, wetlands, and landforms. Pinus brutia is an
important species for biodiversity in Turkey [6, 7]. Some
forest tree species are distributed over large geographical
areas with considerable altitudinal variation, and the study
of the geographical variation in their genetic characteristics, by means of isozyme gene markers, is one of the
most useful aspects of forest research [8]. It is the objective of this study to monitor geographical genetic variation within natural populations of Pinus brutia in Turkey,
and to compare variation parameters which are significant
but represent remarkably deviating habitats. For quantification of variation parameters, endosperm and corresponding embryos of seed samples were utilized. A check
on genetic erosion and inbreeding will help to detect genetic loads, and thus, to avoid destabilization following
the use of unqualified forest reproductive material.
2. MATERIALS AND METHODS
In case of Pinus brutia, seed samples were drawn randomly from large-scale commercial seed collections
which cover at least 20 trees per population. For each of
the 12 forest stands (Table 1), between 156 and 160 samples were genotyped, i.e. endosperm and embryo of each
of 78 and 80 seeds, respectively. Genotyping was based
on enzyme systems, which code for a least 14 polymorphic gene loci (Table 2), widely used in pine species (for
compilation of methods and nomenclature see e.g. MüllerStarck (1998) [9]). In case of LAP-A and SKDH-A, overlaps with subsequent zones in the zymograms can induce
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FIGURE 1 - Distribution area of Pinus brutia in Turkey [13], and location of sampled populations.

TABLE 1 - GPS data and elevations of the 12 sampled populations
of Pinus brutia in Turkey.
No

Provenance

1
2
3
4
5
6
7
8
9
10
11
12

Yenice
İzmir-Urla
Marmaris-Çetibeli
Gölhisar
Alanya-Kargı
Gündoğmuş-Eskibağ
Erdemli-Güzeloluk
Antakya-Uluçınar
Durağan
Bafra-Alaçam
Muğla-Ula
İzmir-Bergama-Kozak

Latitude
(o, ', '')
39 55 20
38 14 26
37 02 30
37 04 30
36 36 36
36 44 40
36 45 40
36 21 20
41 27 13
41 38 36
37 06 30
39 14 08

Longitude
(o, ', '')
27 15 10
26 36 02
28 16 20
29 32 40
31 57 55
32 00 00
34 10 24
35 57 30
35 05 33
35 26 10
28 32 45
27 06 12

Altitude
(m)
300
150
60
1100
350
1000
1150
385
400
100
750
650

interpretation errors. Both were not utilized in the present
study, so that the number of studied polymorphic loci is
12 in Pinus brutia.
Genetic variation within population is measured by
counting the number of alleles or genotypes per gene locus
(AL, GL), with the gene pool diversity, in combination with
the hypothetical gametic multi-locus diversity (v, vgam)
[10, 11], and the intra-populational genetic differentiation
(δT) [11]. Heterozygosity is described by the observed proportion (Ha) of heterozygotes, fixation coefficients according to Wright (1978) [12]. Differences between frequencies of genetic types are statistically tested applying the
G-test of homogeneity.

TABLE 2 - Survey of enzyme coding polymorphic gene loci in Pinus
brutia.
Enzyme system and
Enzyme Commission number (EC)
Aspartate aminotransferase
(AAT syn. GOT), EC 2.6.1.1
Aconitase (ACO),
(ACO) EC 4.2.1.3
Alcohol dehydrogenase
(ADH) EC 1.1.1.1
Glutamate dehydrogenase
(GDH) EC 1.4.1.2
Isocitrat dehydrogenase
(IDH) EC 1.1.1.42
Leucine aminopeptidase
(LAP) EC 3.4.11.1
Malate dehydrogenase
(MDH) EC 1.1.1.37
Menadione reductase
(MNR) EC 1.6.99.2
6-Phosphogluconate dehydrogenase
(6-PGDH) EC 1.1.1.44
Phosphoglucose isomerase
(PGI) EC 5.3.1.9
Phosphoglucomutase
(PGM) EC 2.7.5.1
Shikimate dehydrogenase
(SKDH) EC 1.1.1.25
Number of studied loci

Studied gene loci
Pinus brutia
AAT-A
ACO-A
ADH-A
GDH-A
IDH-B
-

MDH-A,-C, -D
MNR-A
6-PGDH-A
PGI-B
PGM-A

12

3. RESULTS
Variation parameters referring to seed samples of Pinus brutia from 12 locations in Turkey are surveyed in
Table 3. Deviations among population samples are evi-
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dent with respect to heterozygosities, the number of alleles per locus, and, particularly, the hypothetical gametic
multilocus diversities.
Analogously, observations hold for the genetic population differentiation parameter (δT), and this trend is even
more pronounced with the multiple locus case of potential
gametic diversity (Vgam). For the fixation coefficients, the
largest value is observed for the initial material whereas
material which survived at low and, especially, at middle
altitudes, possesses lower fixation indices.
Hence the initial material includes relatively low numbers of genetic types with slightly larger genetic diversity
(revealing a tendency to more even distributions) but a
more extreme fixation index. Surviving material is characterized by larger numbers of types, except “UP” less genetic diversity, and lower fixation indices.

v-values allow to infer tentatively on the mode of frequency distribution of alleles. Samples with similar or identical
AL values (e.g. AL = 2.5 in case of No. 3, 6, and 9) can
show distinct deviations with respect to the corresponding
diversities (v = 1.531, v = 1.339, and v = 1.444). This
demonstrates the greater evenness of the allelic frequency
distributions of sample No. 3 as compared to No. 6 and 9.
Samples No. 3, 6 and 9 reveal to largest AL values (2.50)
but the corresponding low v-values (1.531, 1.339 and 1.444)
suggest a larger proportion of rare alleles due to greater
deviations from even frequency distribution of alleles [14].
3.4 Intrapopulational differentiation (δ T)

The Ha values ranged between 0.134 (No. 4) and
0.224 (No. 12) which is equivalent to a ratio 1:1.67 and
the grand mean of 0.178.

The trends with respect to the genic diversities are evident, also for the genic (allelic) differentiation δT: sample
No. 12 shows the largest value (δT = 0.357) but sample No.
4 the smallest one (δT = 0.166). These deviations are
equivalent to a ratio of 1:1.48. This ratio exceeds the corresponding ratio of the genic diversities (1:1.42) and, thus,
demonstrates the greater discriminative function of the
genic differentiation as compared to the genic diversity.

3.2 Alleles per locus (AL)

3.5 Multilocus diversity (Vgam)

AL values ranged between 1.83 (No. 2) and 2.5 (No.
6, 9) which is equivalent to a ratio 1:1.37 (grand mean of
2.132 alleles). Compared to other tree species, Turkish red
pine (Pinus brutia Ten.) reveals lower values than scots
pine (Pinus sylvestris L.), oak species (Quercus petraea
Liebl., Quercus robur L.) in Central Europe, Norway spruce
(Picea abies (L) Karst.), European beech (Fagus sylvatica
L.) in Europe, sweet chesnut (Castanea sativa Mill.) in Turkey but larger values than silver fir (Abies alba Mill) and
stone pine (Pinus cembra L.), in Central Europe [14, 15].

Significant differences among samples are clearly indicated (maximum Vgam 41.335 for sample No. 12; minimum
6.573 for No. 4). This is equivalent to a ratio of 1:6.28. This
measure is suggesting to quantify the ability of forest tree
populations to create genetic variation, and thus, to facilitate
adaptation to changing environmental conditions [16].
Samples No. 11 and 12 reveal the 3 highest values (exact Vgam-values are 41.335 and 30.857, respectively), samples No. 4 and 6, the lowest ones (6.573 and 9.307, resp.).
The arithmetic grand mean is 17.536. Populations 11th and
12th, having the highest Vgam values, were located in western Turkey, Muğla-Ula and İzmir-Bergama-Kozak, respectively. However, populations with the lowest values, 4th and
6th, were located in southern Turkey, Gölhisar and Gündoğmuş-Eskibağ, respectively.

3.1 Heterozygosistes (Ha)

3.3 Genetic diversity (v)

Differences are indicated with respect to the genic diversity v-value ranges 1.280 (No. 4) and 1.819 (No. 12),
which is equivalent to a ratio 1:1.42 and the grand mean
of 1.484. For each population, the comparison of AL and

TABLE 3 - Sample size (N), mean number of alleles and genotypes per locus (AL, GL), observed heterozygosity (Ha), conditional heterozygosity (Hc),
genetic differentiation (δT), single locus diversity (v), multilocus diversity (vgam), fixation coefficient (F), and differentiation among samples (Dj) in
seed samples of Pinus brutia from 12 locations in Turkey (see Fig. 1).
No Populations
1
2
3
4
5
6
7
8
9
10
11
12

Yenice (H-4)
Izmir-Urla (H-9)
Marmaris-Cetibeli (H-12)
Golhisar (H-16)
Alanya-Kargi (H-17)
Gundogmus-Eskibag (H-1)
Erdemli-Guzeloluk (H-2)
Antakya-Ulucinar (H-7)
Duragan (H-13)
Bafra-Alacam (H-18)
Mugla-Ula
Izmir-Bergama-Kozak
Mean value

N
80
80
80
80
80
80
80
80
80
80
76
76

Number N
AL
GL
1.92
2.50
1.83
2.50
2.50
3.25
2.00
2.33
2.00
2.42
2.50
3.08
2.08
2.50
2.00
2.33
2.50
2.83
2.00
2.33
2.25
2.92
2.00
2.67
2.132
2.638

Diversity v
Alleles
v
1.327
1.448
1.310
1.459
1.352
1.531
1.214
1.280
1.268
1.452
1.256
1.339
1.321
1.497
1.316
1.430
1.308
1.444
1.272
1.465
1.351
1.642
1.409
1.819
1.309
1.484
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Differ. delta_T
Alleles
dT
0.184
0.241
0.170
0.231
0.200
0.265
0.123
0.166
0.162
0.233
0.145
0.195
0.186
0.257
0.170
0.212
0.176
0.236
0.150
0.212
0.238
0.348
0.245
0.357
0.179
0.246

Ha

F

Div. V

Vgam

Dj

0.183
0.167
0.185
0.134
0.160
0.152
0.196
0.176
0.192
0.158
0.211
0.224
0.178

0.197
0.083
0.164
0.094
0.089
0.130
0.100
0.135
0.108
0.010
0.110
0.063
0.105

1.224
1.203
1.248
1.140
1.192
1.169
1.227
1.203
1.212
1.176
1.310
1.321
1.219

17.222
14.178
21.928
6.573
11.440
9.307
17.285
14.791
14.965
10.556
30.857
41.335
17.536

0.038
0.058
0.048
0.066
0.049
0.068
0.048
0.053
0.037
0.044
0.131
0.114
0.063
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Vgam emphasizes differences among samples with respect to the genetic diversity. This indicates the potential
of a set of trees, to produce genetically different gametes;
thus, to submit genetic variation to the next generation.
Genetic variability is a fundamental precondition for
adaptation and survival for autochthonous tree populations in heterogeneous environments [14].
3.6 Differentiation among populations (Dj)

Genetic differentiation among subpopulations is based
on genetic distances. Frequencies of genetic types of one
population are contrasted with the weighted averages of the
frequencies of the remaining populations. The differentiation is quantified by means of the genetic distances between one sample and the remaining ones (the ones that
are pooled as the respective complement population). In
conclusion, genetic differentiation is quantified as a whole.
As can be seen from the last column in Table 3, Dj
values differ considerably from each other (maximum
value for sample No. 11, D11 = 0.131, minimum value for
sample No. 9, D9 = 0.037). This is equivalent to a ratio of
1:3.54. In Fig. 2, the genetic differentiation is illustrated
exemplarily for 3 out of 12 loci, and for the entire gene
pool.
According to the snail diagram that is used between
12 populations, 3 different groups depending on the gene
pool were determined. İzmir-Urla, Antakya-Uluçınar, Durağan, Yenice, Bafra-Alaçam, Erdemli-Güzeloluk, Marmaris-Çetibeli and Alanya-Kargı populations are in the
same group. İzmir-Gölhisar and Gündoğmuş-Eskibağ populations are in a group, and also Muğla-Ula and İzmirBergama. Muğla-Ula and İzmir-Bergama are not very close

each other though they are in the same group (Fig. 2).
Populations on similar altitudes were in the same groups.
4. DISCUSSION
There are many studies on seed and seedling characteristics of red pine (Pinus brutia Ten.) from different
populations. These studies include determination of variations between populations and within populations, genetic
variations, and determination of some genetic and phenotypic parameters of red pine [17-23].
Previous studies on variation in morphological, anatomical, protein, trace element, and allozymes have
demonstrated the existence of variation in the form and
growth characteristics of red pine [19, 24-28].
Genetic variation, pairing system, gene flow, and natural selection within species affect genetic variation within and between populations [29, 30]. Sustainable and
optimum utilization of a biological source is impossible
without prior knowledge of these mentioned factors, and
other genetic variations caused by the interactions between
these factors [31]. The best way to determine genetic variations of a species is to compare different populations in
different habitats [32]. Species that have wide natural
distribution areas, also have many geographical variations
and different local breeds [33-35]. Rough geographical
structure, different climates in short distances, and soil
characteristics of Turkey are incentive to create local
breeds, even in short distances [36, 37]. Distribution of
Pinus brutia in such geographical regions indicates genetic variations of the species.

FIGURE 2 - Genetic differentiation (Dj) among seed samples of Pinus brutia from 12 locations in Turkey based on the gene pool of 12 loci.
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Pinus brutia can be found from sea level up to 1200 m,
sometimes to 1400 m, on the Taurus Mountains. In a
previous study on red pine, according to both growth and
isoenzyme analyses, middle elevation populations (from
approximately between 400-900 m from sea level) perform better, represent higher genetic variability, and have
greater adaptability than the populations from much lower
and/or higher elevations [22]. These results show similarities with our findings in this paper.
Statistical analysis revealed 3 different groups.
Among these groups, Muğla-Ula and İzmir-Bergama
populations showed the most significance. Results indicate that less stressful environments are associated with
higher total genetic diversity of the populations.
These populations are located in the natural distribution area of red pine and have high genetic variation; thus,
it is important to be protected with in-situ and ex-situ
conservation. Forestry practices should strongly consider
the elevation gradients in these regions. Each of the population is considered to be genetically unique due the fact
that they adapt to different environmental conditions of
their habitats [38]. This makes principles of population
genetics and other biological knowledge important for
utilization and management of these populations [39].
Practices that affect populations negatively can cause
genetic effects that would last millions of years for future
generations. This is why the importance of local populations increases in rehabilitation and afforestation practices. Local populations, which are reserves against genetic
erosion and genetic pollution, should be protected to be
used as genetic sources in future.
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SYNTHETIC SEEDS OF OCHRADENUS ARABICUS:
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ABSTRACT
Ochradenus arabicus is an important medicinal plant
found in Saudi Arabia. Synseeds were produced from in
vitro growing shoots obtained from stem segments cultured on MS (Murashige and Skoog) supplemented with
1.0 µM benzyl adenine (BA). The encapsulated buds
werestored at 4 ºC for60 days. Their conversion and regeneration ability was evaluated over 60 days of storage.
The non dry and dry synseed showed growth after 30 days
of culture on MS medium containing 1.0 µM BA, maximum (100%) conversion observed upto 30 days of storage
in both type of synseeds. Decline in conversion frequency
(93.3%-83.3%) of both types of synseed was observed after
30-60 days of storage. Regenerated shoots (13.66-15.66
shoots/synseed) were obtained on MS medium supplemented with 1.0 µM BA. These shoots were separated
and rooted on MS medium containing 0.5 µM NAA and
acclimatized and hardened plantlets transferred to the
field. One month old plantlets taken from the field did not
show any morphological anomalies compared to mother
plants while storage on low temperature. The genetic
fidelity of synseed raised plantlets were also studied to
compare them with mother plant by inter-simple sequence
repeats analysis. Molecular profiles of regenerated plantlets
and mother plant did not show any change among clones;
which confirm their genetic stability. Thus the protocol
developed would help in in vitro clonal propagation, conservation, short-term storage and exchange of germplasm
of this medicinal plant.
KEY WORDS: Ochradenus arabicus, synseed, regeneration,
ISSR, genetic fidelity

1. INTRODUCTION
Medicinal plants represent an important health and
economic component of biodiversity. It is essential to make
* Corresponding author

a complete inventory of the medicinal component of the
flora of any country for conservation and sustainable use.
The conservation of threatened and endangered medicinal
species is indispensable. Ochradenus arabicus has medicinal properties and is used by locals to cure many illnesses. The plant is found growing in the desert areas of Saudi
Arabia and also in Oman, United Arab Emirates and
Yemen [1].
Anthropogenic factors coupled with some other factors contribute to the loss of several plants in the region
and has resulted in different plant to fall in threatened and
extinction. Several native desert plants are being threatened and are near to extinction mainly due to anthropogenic factors [2, 3]. Therefore, such endangered desert
plants need to be preserved and propagated using potential biotechnological approaches [4].
Synthetic seeds or artificial seeds were first made by
Murashige [5]. Earlier it was thought that only somatic
embryos or pollen embryos are required for encapsulation. Nowadays it is applied to shoot tips, buds and somatic embryos in protecting materials. These materials
provide protection from mechanical injury during
transport and handling. These encapsulating materials
allow them to germinate or regenerate without causing
any damage and genetic loss [6]. Synthetic seed technology has opened a new area in plant tissue culture. This has
facilitated the storage and conservation of live material
for a short period, at low temperature or cryopreservation
of plant material for long time storage. This can be an
alternative and reliable method of large scale production.
This will help in clonal propagation and disease free material required for international quarantine. The development of synthetic seed technology resulted in a new interest for in vitro propagation and conservation of threatened, crop plant and medicinal and aromatic plants. There
are few reports [7] available on synthetic seed regeneration and the genetic characterization.
Furthermore, clonal fidelity is a major consideration
in commercial micropropagation using in vitro culture
techniques. In vitro regenerated plants are usually suscep-
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tible to genetic and epigenetic changes due to culture
stress and might exhibit somaclonal variation [8]. Several
strategies can be used to access the genetic fidelity of in
vitro derived clones, but most have limitations. To confirm the efficacy of the in vitro culture propagation and
the genetic fidelity of the regenerated plants to ensure
commercially viability, recently, several molecular markers techniques such as random amplification of polymorphic DNA, inter-simple sequencerepeat (ISSR), amplified
fragment length polymorphism, sequence-tagged microsatellite site, among others, have been utilized for the assessment of genetic diversity, germplasm evaluation, elucidation of phylogenetic relationships, construction of genetic
linkage maps, map-based cloning, and marker-assisted
selection [9].
The present investigation aims at development of a
highly reliable protocol for synthetic seed production by
sodium alginate encapsulation, storage at low temperature. Regeneration of the synthetic seeds and establishment of regenerant were also studied. Molecular characterization of conserved propagules following their conversion into plantlets from encapsulated nodal segments
stored at 4 °C for 8 weeks was also assessed and compared with ex vitro grown plants.

2. MATERIALS AND METHODS
Ochradenus arabicus cultures were initiated from
shoots of the plant growing in wilds. The nodal segments
(approx. 10-15 mm) were surface sterilized with sodium
hypochlorite (4% available chlorine) for 10 min. and
washed with sterilized water three times under Laminar
hood. Thus sterilized segments were cultured on Murashige and Skoog (MS) medium containing various plant
growth regulators (PGRs). Shoot regeneration was
achieved on MS medium supplemented with 1.0 µM
benzyl adenine (BA). The cultures were maintained for
more than a year. MS medium was prepared following
standard procedures [5], the pH of the medium was adjusted to 5.8 by NaOH/HCl and autoclaved at 121 o C for
20 min. The cultures were kept in a growth chamber at
25+2 oC temperature and the light intensity was kept at
50 µmolm-2s-1 with cool fluorescent tube lights.
Gelling (sodium alginate) solution was prepared in
MS medium with 2% sucrose and 100 mM CaCl2 were
autoclaved at 121o C for 20 min. Internodal segments
were cut into small pieces approximately 0.5 cm and
mixed with the sterilized alginate solution dropped in
CaCl2 solution in such a way that each drop consist of
only one explant to make beads. Thus forming beads were
kept further in the calcium chloride solution for 30 min to
complete hardening process. After hardening the synthetic
seeds were washed properly to remove excess calcium
chloride solution. Then the synthetic seeds were divided
into two sets. One set of about hundred seeds was immediately stored in a plastic jar and was sealed with parafilm

and stored. The other set of about the same amount of seeds
was kept under the running laminar air flow for 30 min for
drying the beads. Both sets of synthetic seeds were stored
in a refrigerator at 4 oC for 60 days. These synthetic seeds
were tested for storage and regeneration capacity. For
this, encapsulated seeds were cultured on MS medium
containing 1.0 µM BA at 15 days interval up to 60 days.
Synthetic seed germination, regeneration, shoot multiplication and rooting of the regenerants were evaluated. Rooting and acclimatization was performed for shoot obtained
from shoots regenerated over 60 days storage. The shoot
treated with 0.5 µM NAA rooted satisfactorily. The rooted
plants were potted in sterilized garden soil mixed with
FYM (1:1). The plants were kept in polyhouse conditions
with daylight regime. The plants were initially watered with
½ MS for three consecutive days while covered with poly
sheets. Slowly poly sheets were removed after 15 days.
The clonal fidelity of synthetic seeds raised clones
was tested using ISSR markers. For this purpose, 10 hardened plants, raised from synseed (stored at 4 °C) chosen
randomly from the population and compared with the
mother plant from which the explants were taken. Total
genomic DNA of the mother plant and in vitro-raised
clones was extracted from young leaf tissues by using the
modified cetyltrimethyl ammonium bromide (CTAB)
method described [10], as modified [11]. Purified total
DNA was quantified and its quality verified by spectrophotometry (UV 1700-PharmaSpec, Shimadzu, Tokyo,
Japan). PCR amplifications were carried out as described
by Williams et al. [ 12] in a total volume of 25 µL containing 25 ng total DNA, 10 µL PCR buffer (Fermentas
GmbH, Germany), 2.0 mM MgCl2, 200 mMdNTPs, 1 µL
10-mer oligode- oxynucleotide ISSR (Operon Technologies Inc., Germany) or ISSR (Bangalore Genei, Bangalore, India) primer and 1 unit (U) Taq DNA polymerase
(Fermentas). The PCR amplification was performed using
a Thermal cycler (T-Gradient Biometra, Gottingen, Germany). For ISSR analysis, PCR temperature profiles were
used as initial DNA denaturation at 94 °C for 5 min followed by 40 cycles at 94 °C for 1 min, 46.5 °C for 1 min,
and 72 °C for 2 min. Final cycle at72 °C for 7 min was
also performed. All the amplified PCR products obtained
from ISSR markers were resolved by electrophoresis on
1.2% agarose gel for 3 h in 1× TBE buffer, stained with
ethidiumbromide, and the photographs taken using Gel
Documentation System (Gel-Doc EZ System,Bio-Rad,
USA).
2.1 Statistical Analysis

All the experiments were conducted in a completely
randomized block design (CRD) with ten explants per
treatment and each treatment was repeated three times.
The results are expressed as a mean ± SE of three independent experiments. The cultures were observed periodically and morphological changes were recorded at regular
intervals. Data on percentage of conversion of encapsulated nodal segments were recorded after six weeks of culture. Hardening of plantlets was evaluated after four
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weeks of transfer to pots and percentage of survival of
plantlets was recorded for field transferred plants. All the
data were subjected to analysis of variance (ANOVA)
followed by Tukey’s test at P = 0.05 using SPSS software
version 20 (SPSS Inc., Chicago, IL, USA).
3. RESULTS AND DISCUSSION
One of the important features of synthetic seed is to
sustain viability of encapsulated material for a longer period, which can be observed in their potential of germination,
proliferation and conversion to desired result after fair
storage time period. In the present investigation, synseeds
of O. arabicus were produced using in vitro proliferated
shoots upon mixing of 3.0 % sodium alginate and 100.0 mM
CaCl2 (Figure 1A) stored at temperatures (4 °C) for 15, 30,
45 and 60 days. The encapsulated beads stored at 4 °C,
cultured on MS medium, and supplemented with 1.0 µM
BA showed highest frequency of conversion (cf. 100.0 %)
up to 30 days of storage, after this regrowth and conversion declined as the duration of storage increase till 60 days
(about 83% in dry and 86.0% non dry synseeds) regrowth
observed when synseeds were stored upto 60 days at 4.0 ºC,
further storage reduced the conversion (Table 1). This
may have happened due to loss of moisture and innoxial
condition inside the alginate covering on long storage at
low temperature. Shoot tips and nodal segments have been
successfully used for synseed in different plant species with

a high degree of genetic stability without somaclonal variations. Non-embryogenic plant propagules have been extensively used in synseed technology for a variety of plant
species, Z. officinalis [13], P. kurrooa [14] and R. serpentine [15]. The synthetic seeds stored above 4 °C could not
maintain in dormant stage due to proliferation under theses
condition. After six weeks of culture, well-developed shoots
were observed on MS medium containing 1.0 µM BA (Table 2, Figure1B). Regeneration and multiplication of O.
arabicus synseed resulted in a minimum 13.66 shoots/ synTABLE 1 - Percent synseed conversion of O. arabicus on MS medium containing 1.0 µM (BA) stored at 4 ºC for 60 days.
S.N.

Days

Conversion Percent ±SE
Dry
Non dry
1
15
100.0±0.0
100.00±0.0
2
30
100±0.0
100.00±0.0
3
45
93.3±5.7
93.33±5.7
4
60
83.3±5.7
86.66±5.7
Values are means of three replicates ±SE
TABLE 2 - Shoot regeneration from synseeds of O. arabicus cultured on MS medium supplied with BA ( 1.0 µM) stored at 4 ºC for
15-60 days.
S.N.

Days

Shoot regeneration ±SE
Dry
Non dry
1
15
14.00±2.0
14.66±1.15
2
30
15.00±1.00
15.66±0.57
3
45
14.00±2.00
15.00±1.00
4
60
13.66±1.52
14.33±0.57
Values are means of three replicates ±SE

FIGURE 1 – A) Synthetic seed of O. arabicus on MS medium supplemented with BA 1.0 µM, B) Shoot proliferation from synthetic seeds on
MS medium, C) Rooting in separated shoot, D) Acclimatized and hardened plant ready for field transfer
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FIGURE 2 – The ISSR profile of mother and clonal plants of O. arabicus raised from synthetic seeds. M = marker, MP = mother plant and 110 clonal plant raised from synseed

TABLE 3 - In vitro rooting in shoots regenerated from synseeds of
O. arabicus placed on MS medium supplemented with NAA (0.5 µM
NAA).
S.N.

Days

Rooting percent ±SE
Dry
Non dry
1
15
76.6±5.7
83.3±5.7
2
30
73.3±5.7
80.0±10
3
45
80.0±10
86.6±15.2
4
60
86.6±5.7
90.0±10
Values are means of three replicates ±SE

seed in dry synseed and a maximum 15.66 shoots/synseed
in non dry synseed at different storage period. This shows
that the synseeds were not affected by storage and regrown
shoot segments retained the regeneration capacity. Thus
obtained shoots were subjected to rooting on MS medium
containing 0.5 µM NAA at various time interval from 15-60
days of regeneration. The rooting percent was low in dry
synseed (73.6-86.6%, Table 3) as compared to non dry
synseeds (80.0-90.0%, Table 3, Figure 1C) , although it was
non-significant among time and types of synseeds. The
regenerated plantlets with well-developed shoot and root
system were transferred to plastic pots containing sterile
garden soil and FYM were successfully acclimatized and
hardened under polyhouse conditions for 4 weeks and even-

tually established in natural soil (Figure 1D). About 90 %
of the synseed-grown plantlets survived following transfer
from garden soil mixed with FYM to natural soil and did
not show any detectable variation in respect to morphology or growth characteristics.
Regenerated plantlets were tested for clonal fidelity
using 20 ISSR primers and out of these, 7 primers gave
unambiguous and reproducible banding patterns. Most of
them resulted in scorable and clear patterns. The annealing temperature was 45.6ºC for all primers used in the
experiment. Total number of reproducicble bands per primer was 7 (OP- 5‘-AGAGAGAGAGAGAGAGYC-3’), 7
(OP- 5’-GAGAGAGAGAGAGAGAYT-3’), 10(OP-5’GAGAGAGAGAGAGAGAYT-3’), 11(OP-5’-GAGAGA
GAGAGAGAGAC-3’), 12 (OP-5’-TCTCTCTCTCTCTC
TCC-3’), and 13 (OP-34:5’-AGAGAGAGAGAGAGAGY
T-3’) and all were monomorphic. The maximum number of
bands was found 13 with primer number OP-34 (Figure 2).
The polymorphic and unique bands were not detected between mother and clonal plants. This indicated that in the
process of synthetic seeds production, there was no mutation created. The ISSR markers resulted in maximum number of bands (13) from primer no (OP-34:5’-AGAGAGAGA
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GAGAGAGYT-3’) (Figure 2) and minimum (7) from
primer no (OP-33:5’-ATATATATATATATATYG-3’). The
banding profile revealed monomorphic band for micropropagated as well as mother plants. The genetic stability
in re-grown shoots from artificial seeds of Cannabis sativa L, Bacopa monnieri and Cineraria maritima was confirmed by using the ISSR and RAPD [7,16,17]. A genetically stable rooting protocol for Celastrus paniculatus, a
medicinal plant was also developed [18].
4. CONCLUSIONS
The present investigation has resulted in the development of synseed technology from the vegetative part of
O. arabicus. This important technology has already been
used in a variety of medicinal plants as an alternative for
micropropagation and mass multiplication with desirable
traits. Although the short term storage will depend on
plant type and the alginate matrix coupled with various
other factors, the in vitro encapsulated shoot tips and
nodal segments technology would also provide conservation of genetic diversity and germplasm of wide range of
medicinal plants through cryopreservation.
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ABSTRACT
In order to improve the efficiency of bentonite clay
(clay pit Sokolac, Banja Luka, Bosnia and Herzegovina)
in the process of ammonium and phosphate ions removal
from petrochemical wastewater (Petrokemija Kutina), acid
and alkali activations of the clay were performed. The extensive investigation involving sorption kinetics models, structural, thermal, spectroscopic and morphological studies were
performed on raw, acid and alkali activated bentonite to
evaluate the effects of the activations. The results indicate
that removal rates for both ammonium and phosphate ions
are controlled by heterogeneous diffusion. Acid activation
reduced the level of removal efficiency due to the degradation of the clay layered structure. The alkali activation
does not affect the clay crystalline structure. The significant improvement of removal efficiency for ammonium ions
is obtained in experiments with alkali-activated bentonite,
while the efficiency for phosphate ions does not change.
Therefore, the alkali activation of the clay improves the
efficiency of the removal of ammonium and phosphate
ions from petrochemical wastewater.

tive influence, the wastewater is usually treated using ionexchangers. It is quite logical that ion-exchangers are much
more efficient if the burden of the incoming wastewater flux
is minimized. Therefore, different approaches were used for
pretreatment of wastewater flux [3-8]. Use of bentonite clay,
having montmorillonite as the main crystalline constituent, is considered to be a promising option for the pretreatment process, on behalf of cation retention ability as
well as low permeability.

KEYWORDS: ammonium removal, phosphate removal, petrochemical wastewater, bentonite activation, sorption kinetics studies, structural analysis

1. INTRODUCTION
Petrochemical industry is one of the most important
world industries whose pollutions have considerable effects on environment, especially on local ecosystems [1].
Petrochemical wastewaters contain phosphorus and ammonium compounds, mainly ammonium nitrate [2]. Release
of such wastewaters into water flows changes the aquatic
area and living organisms. In order to minimize this nega* Corresponding author

FIGURE 1 - Montmorillonite structure (basic layer consists of
octahedral sheet between two tetrahedral silica sheets; layers are
connected by interlaying ion species).

Montmorillonite is a mineral from smectite group which
has a layered structure with octahedral alumina sheet between 2 tetrahedral silica sheets (2:1 montmorillonite)
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(Fig. 1) [9, 10]. Tetrahedral sheets contain Si4+ ions while
isomorphous replacement of trivalent Al3+ ions with divalent (Mg2+ or Fe2+) ions in the octahedral sheets generates
an excess negative charge in the layer. The charge of the
layer is neutralized by various hydrated cations (Na+, K+,
H+, Ca2+, etc.) adsorbed to it. The structure of parallel layers is held together by electrostatic interactions of anchoring ionic species and water molecules [11, 12]. Naturally
occurring bentonite clay, upon chemical activation yields
with good releasing ability of the interlaying ionic species
in controlled sense; therefore, it is suggested to be a good
adsorbent. Differently activated (acid, alkali) bentonites
were tested as ammonium and phosphate wastewater pretreatment adsorbents. Studies on the adsorbing properties
of bentonite mostly focus on the change in microscopic
swelling which is related to the basal spacing [13]. Numerous models including zero-, first- and second-order
models, modified Freundlich and Elovich models, as well
as parabolic diffusion and heterogeneous diffusion models
have been employed to describe ion sorption by soils [14,
15], natural zeolites [16], and clays [17].
The aim of this work was to evaluate the influence of
acid and alkali treatment on bentonite clay, and its removal efficiency for ammonium and phosphate ions, as two
severe contaminants from petrochemical wastewater.
Special attention has been paid to the sorption kinetics
and structural investigations on pretreated bentonite.
2. MATERIALS AND METHODS
2.1 Kinetic Models
2.1.1 First-order model

The first-order model for ion exchange has a form as
follows:

log (1 − F ) = k '⋅ t

(1)

Parameter F is fraction ion uptake defined as ratio
Xt/Xeq, where Xt represents total amount of ion uptake on
solid sample in reaction time t [min] and Xeq total amount
of ions sorbed on the sample at equilibrium (both expressed per mass of solid sample, mg/g). k’ is the apparent
uptake rate coefficient for ion exchange process defined
as function of absolute uptake rate coefficient, k:

k ' = k ⋅ X eq / 2.303

(2)

2.1.2 Modified Freundlich model

The modified Freundlich isotherm is commonly used
to describe adsorption on heterogeneous surface [18, 19].
The isotherm can be written as follows:

log X t = (1/ m) ⋅ log t + log k + log γ 0

(3)

where, γ0 represents the initial ion concentration [ppm].
2.1.3 Parabolic diffusion model

The parabolic diffusion model can be presented as follows:

F = P ⋅ t1/2 + C1

(4)

P is the overall diffusion constant, and C1 the model
constant.
2.1.4 Heterogeneous diffusion model

The heterogeneous diffusion model can be expressed
as follows:
1/2
⎛ π 2t
dF
1 ⎡ ⎛ 4t ⎞
8
= ⋅ ⎢1 − ⎜
⎟ − 2 ⋅ exp ⎜ −
d ln t ρ ⎢ ⎝ πτ max ⎠
π
⎝ 4τ min
⎣

⎞ ⎤
⎟ ⎥
⎠ ⎥⎦

(5)

Parameters τ and ρ are defined as follows:

τ = r2 / D

(6)

ρ = ln(τ max / τ min )

(7)

where, r is the length of the diffusion path [m], D diffusion coefficient [m2/min], while τmin and τmax represent,
respectively, minimal and maximal τ value. For very
small τmin and very large τmax values, differential equation
Eq. (5) can be easily solved as follows:

F = (1/ ρ ) ⋅ ln t + C2

(8)

Mark C2 represents constant of the integration.
2.2 Reagents and Solutions

In order to test the removal properties of alkali-activated
and acid-activated bentonite clay material (Sokolac, Banja
Luka, Bosnia and Herzegovina), two model solutions were
prepared: 300 ppm solution of ammonium ions and 30 ppm
P2O5 solution. The solutions were prepared by dissolving
appropriate amounts of ammonium chloride (Kemika, Zagreb, Croatia) or, respectively, sodium phosphate dodecahydrate (Kemika, Zagreb, Croatia) in water.
Sulfuric acid solution (16%) used for acid activation
of bentonite material was prepared by diluting concentrated
sulfuric acid (96%, Merck, Darmstadt, Germany) with
water.
For alkali activation of bentonite, anhydrous sodium
carbonate (Kemika, Zagreb, Croatia) was used.
Standard solutions of sodium (300 ppm), lithium
(30 ppm), ammonium (300 ppm), potassium (300 ppm),
magnesium (300 ppm), and calcium (300 ppm) cations, and
chloride (40 ppm), fluoride (20 ppm), bromide (100 ppm),
nitrate (100 ppm), sulfate (60 ppm), phosphate (200 ppm)
and nitrite (50 ppm) anions were prepared by dissolving
appropriate amounts of dried salts in water. The used salts
were, respectively: NaCl (Alkaloid, Skopje, The former
Yugoslav Republic of Macedonia), LiNO3·H2O, NH4Cl,
KBr (all Kemika, Zagreb, Croatia), Mg(NO3)2·6H2O
(Merck, Darmstadt, Germany), CaCl2 (Poch, Gliwice,
Poland), NaCl (Alkaloid, Skopje, The former Yugoslav
Republic of Macedonia), NaF, KBr, NaNO3, Na2SO4,
Na3PO4·12 H2O (all Kemika, Zagreb, Croatia), and
NaNO2 (Merck, Darmstadt, Germany). Non-hydrated
salts were dried at 105 °C, and the others in desiccators.
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Working standard solutions, used for construction of the
calibration curves, were prepared by dilution of standard
solutions with water.
All used chemicals were of analytical grade, and
Milli-Q water (Millipore, Bedford, MA, USA; 18 MΩ/cm)
was used for experiments.
2.3 Acid Activation of Bentonite

In order to perform the acid activation of bentonite,
200 ml of 16% sulfuric acid solution was added to 50 g of
clay. The suspension was boiled in a closed reactor for 4 h,
and then filtered (blue spot). The filter cake had been
washed out with hot distilled water until the negative
reaction on sulfate ions was obtained. Afterwards, the cake
was partially dried (30-40% of moisture) and extruded into
3-mm granules. Finally, the granules were further dried at
105 °C till the moisture content was decreased below 8%.
2.4 Alkali Activation of Bentonite

In 200 g of bentonite sample, 5% of anhydrous sodium carbonate was added, mixed and left to stand aside.
After half an hour, an amount of distilled water, required
to obtain moisture from 35-40%, was added. Finally, the
sample was extruded to 3-mm granules and dried at 105 °C
to decrease moisture content below 8%.
2.5 Sorption of Ammonium and Phosphate Ions

A batch technique was used for sorption kinetics studies of ammonium and phosphate sorption. Activated bentonite granules (5 g) were treated with 100 ml of model
solutions. The suspensions were mixed for 0.5, 1, 1.5, 2, 3,
5, 8, 10, 30, and 60 min in an electrical shaker at 250 rpm
and 30 °C. Acid-activated samples were afterwards filtered with vacuum filter (blue spot). It was not possible to
perform the same procedure on alkali-activated samples
since the filtration took an extremely long time. Therefore,
alkali samples were twice centrifuged and decanted prior
filtration.
The clear filtrate solutions were analyzed by ion
chromatography (IC).
2.6 Analysis of Clay Powders

Seven different powder samples were analyzed by
means of X-ray diffraction (XRD), derived thermal
analysis (DTA), thermo-gravimetric analysis (TGA), differential thermo-gravimetric analysis (DTG), Fourier transform infrared spectrometry (FTIR), and surface area and
morphology measurements (using Brunauer-Emmett-Teller
(BET) equation). The analyzed samples were raw bentonite
(Bent0), acid-activated bentonite before contact with ammonium or phosphate solutions (BentAC), acid-activated
bentonite after 60-min contact with ammonium (BentACN)
and phosphate ions (BentACP), alkali-activated bentonite
before contact with ammonium or phosphate solutions
(BentAL), and alkali-activated bentonite after 60-min contact
with ammonium (BentALN) and phosphate ions (BentALP).

The thermal behavior of the clay powders was
characterized with DTA and TGA using a simultaneous
DTA/TGA analyzer Netzsch STA 409. For that purpose, a
Pt crucible was filled with approximately 150 mg of material and heated up to 1000 °C at a rate of 10 °C min-1 in
a synthetic air flow of 30 cm3 min-1, with α-alumina used
as reference. DTG curves were acquired by differentiation
of the TGA data.
The diffraction patterns of the clay samples were acquired by means of powder XRD on Shimadzu XRD6000
diffractometer with CuKα radiation, accelerating voltage
of 40 kV, and 30 mA current. Data were collected from 2
to 65° 2θ in step scan mode, with steps of 0.02° and
counting time of 0.6 s. Bragg’s equation [20] was used to
compute the d spacing.
IR spectra of the samples were acquired using a FTIR
Bruker Vertex 70 in attenuated total reflectance (ATR)
mode. The samples were pressed on a diamond and the
absorbance data were collected between 400 and 4000 cm-1
with spectral resolution of 1 cm-1 as average of 64 scans.
Specific surface area of powders was determined by a
BET N2 gas adsorption-desorption isotherm obtained at
77 K on Micromeritics ASAP-2000 equipment. Sample
was previously degassed at 250 °C under a dynamic vacuum of 1.3×10−2 Pa.
2.7 Analysis of Clay Contact Solutions

The analyses of clay contact solutions were performed
with a Dionex DX600 chromatography system, consisting
of a quaternary gradient pump (GS50), chromatography
module (LC30), and detector module (ED50A).
For performing the cation separation, the system
was equipped with a Dionex IonPac CS12A (4×250 mm)
separation column and analogous guard column CG12A
(4×50 mm). As eluent solution, 15 mM methane sulfonic
acid was used. The solution was prepared by dilution of
concentrated methane sulfonic acid (Fluka Chemie, Buchs,
Switzerland) with degassed Milli-Q water. The eluent signal
was suppressed by CSRS II 4 mm electrolytic suppressor,
working in recycle mode. Concentrations of further six
cations were determined: lithium, sodium, ammonium,
potassium, magnesium and calcium.
During anion analysis, concentrations of fluoride, chloride, bromide, nitrite, nitrate, sulfate and phosphate ions
were determined using a Dionex IonPack AS18 chromatographic column and a AG18 guard column. The basic
DX600 components were supplemented with eluent generator module (EG40), degas unit on eluent generator, and
a continuously regenerated trap column (CR-TC). Eluent
generator was providing hydroxide eluent in concentration of 30 mM from Dionex’s potassium hydroxide cartridge. The eluent signal was suppressed by ASRS 300 4 mm
electrolytic suppressor, working also in recycle mode.
In all cases, the sample injection loop volume was 25 µl,
eluent flow-rate 1.0 ml/min, and the experiments were per-
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formed at constant temperature of 30 °C. The whole system was computer-controlled by Chromeleon 6.70 Build
1820 + SP2 software, and the frequency of data collection
was 5 Hz.

spaces of bentonite in the range of 1.445 – 1.540 nm suggest bentonite rich on calcium.

All chromatographic measurements were performed
in triplicate, and average value was used for further calculations.
3. RESULTS AND DISCUSSION
The efficiency of the clay ion exchangers is dependent on the adsorbent particle size. The decrease of the bentonite clay particles is favorable as it yields with increase
of the active specific surface. But at certain size, this effect
is diminished. Namely, under these conditions, the clay
solution viscosity is increased and, therefore, sufficient
mixing level of the solutions can no longer be achieved. A
particle size of 3 mm was experimentally determined to be
minimum suitable for efficient mixing in the system. Therefore, all measurements were performed with 3-mm particles.
3.1 X-Ray Diffraction

The cation exchange capacity of clay is determined in
considerable amount by interlayer properties of the clay
constituents, which are closely related to their structural
parameters. Therefore, basal spaces and structural stability investigations can provide valuable information on
clay interlayer interactions as they basically preclude the
functionality of clay material as an adsorbent.
The XRD diffraction patterns of 7 analyzed bentonite
samples (Bent0, BentAC, BentACN, BentACP, BentAL,
BentALN, and BentALP) are presented in Fig. 2. All samples exhibit montmorillonite (ICDD PDF 13-0135) as the
dominate clay crystalline phase; beside montmorillonite,
XRD pattern of frequent clay component quartz (ICDD PDF
89-8934) is observed in various intensities. Traces of another clay component illite (ICDD PDF 43-0685) can be observed only in the acid-activated clay sample (BentAC).
Additionally, the minor phase noticed in the raw clay
sample and in the group of alkali-activated samples is
calcite (ICDD PDF 72-1973). Due to strong solubility of
calcite in acidic media, it is supposed that calcite was
eluted from acid-activated clay samples in the course of
the activation process.
The position of the d(060) reflection enables the determination of the type of bentonite. For all bentonite
samples, the peak is located at 61.94 2θ° and the calculated d(060) value is 0.150 nm. Peak location in the range of
0.1499 – 0.1505 nm suggests that in present study bentonite clay containing Al-rich dioctahedral montmorillonite
was used [21].
The intercalation properties of montmorillonite are
discussed on basis of the d(001) diffraction peak, representing the basal spacing of the montmorillonite layers.
Raw bentonite sample was found to have the basal spacing of 1.530 nm. According to literature [22], the basal

FIGURE 2 - XRD patterns of seven different bentonite samples
(M – montmorillonite, Q – quartz, C – calcite, I – illite).

Clay activation process is a basically forced ionexchange process; so, effect on clay layer properties is
expected. Thus, the interlayer spacing is affected, yielding
with differences in both position and intensity of the main
d(001) reflection. The d(001) peak reveals that basal spaces
were significantly reduced in a similar manner for all alkali-activated clay samples, with spaces 1.232 nm (sample
BentAC), 1.340 nm (BentACN) and 1.278 nm (BentACP).
By subtracting the thickness of the SiO2–Al2O3–SiO2 sheet
(0.9 nm) from the d(001) spacing of alkali-activated clay,
an interlayer opening caused by this cation exchange process was estimated to be 0.332 nm. Interlaying Ca ions can
hardly be exchanged by Na ions, yet by performing alkali
activation with Na2CO3, the Na-montmorillonite is favored due to the formation of CaCO3 which is insoluble in
non-acid environment. Na-montmorillonite exhibits basal
distance contraction when compared to Ca-montmorillonite.
Despite similar ionic radii of Na+ (0.102 nm) and Ca2+
(0.100 nm) [23], the average basal spaces of Ca-montmorillonite and Na-montmorillonite range about 1.5 and
1.2 nm, respectively [24], as a consequence of different
ability of the interlaying cations to coordinate with water
molecules. Slight intensity reduction (Fig. 2) in the case
of alkali-activated samples when compared to raw clay is
expected as the bentonite clay activation process assumes
intercalation and slight interference with layers. However,
the shape of the peak was not affected, suggesting that
crystallite size and uniform intercalation throughout the
sample after the activation were retained. On the other
hand, the acid-activated group of samples yields with
considerable modification of d(001) reflection, with significantly reduced intensity, suggesting much more pronounced effect of interfering with layers, precisely the
deterioration of the montmorillonite structural layers in
acidic environment (H2SO4). Also the distribution of basal
spaces is most likely uneven throughout the sample; how-
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ever, the basal distances are not lower than 1.484 nm
(BentAC), 1.450 nm (BentACN) and 1.514 nm (BentACP).
The basal spaces are very similar to the basal spaces of
raw sample, suggesting that acid activation barely induces
the cation exchange; but rather, it partially dissolves the
layers of montmorillonite. Due to diminishing of the montmorillonite structure and dissolution of the calcite, the clay
samples after acid treatment exhibit increased diffraction
intensities of the only unaffected crystalline phase, quartz,
which is resistant to the acid treatment.
The layer structure is strongly affected in case of acidactivated clay samples; so, beneficial adsorbing properties
are improbable. On the contrary, alkali-activated bentonite
samples retained good layer structure after the activation,
making a positive adsorption effect probable. Structural
aspects of the activation type influence on adsorption/cation
exchange capacity were observed and described; however,
structural differences after simulated wastewater adsorption
were found to be insignificant. Sharp and intense d(001)
XRD reflection suggest stable and uniformly layered structure, capable of resisting treatment up to higher temperatures;
then, the one represented by wider and weaker reflection,
suggested uneven and partially disrupt-layered structure.
3.2 Thermal Evolution

Thermal evolution of all bentonite clay samples is
characterized by the dehydration in the lower temperature
region, the dehydroxylation at intermediate temperatures,
and phase transitions in the higher temperature region [25].
In Fig. 3, a strong endothermic DTA effect characteristic
for dehydration is noticeable for all bentonite samples,
within approximately the same temperature range of 30–
260 °C, corresponding to the DTG (derived thermogravimetric analysis) areas, as shown in Fig. 4. Dehydration
step is most pronounced for raw bentonite and for the
group of alkali-activated bentonite samples which is also
evidenced in greater TG mass loss (Fig. 5). For raw and
acid-activated bentonite samples, the dehydration is a
2-step process having maxima at 160, 215 °C and 125,
190 °C, respectively (Fig. 3). The variation of the dehydration effect characteristics is the result of diverse amounts of
water molecules bonded to the different interlaying cations.
As a result of that, an occurrence of the distinct second
dehydration peak is attributed to the interlaying bivalent
cation [26], precisely, Ca2+, as previously indicated in the
XRD results. In comparison to raw clay, the release of
adsorbed water occurs at lower temperatures in the acidactivated samples while the dehydration temperature of
the alkali-activated clay is only slightly affected, having a
single maximum at 150 °C, characteristic for interlaying
univalent cation [26], precisely Na+.

crease of the dehydroxylation temperature is evidenced
for acid-activated samples, confirming poor stability of
the clay layer structure.

FIGURE 3 - DTA curves of seven different bentonite samples.

The decrease of the dehydroxylation effect in alkaliactivated clay reveals weak effect characteristic for α- to
β-quartz transformation occurring around 580 °C. For
bentonite samples containing calcite, a calcite decomposition effect may be noticed at 760 °C (Fig. 3), accompanied with corresponding TGA mass loss. External clay
components and impurities basically have an insignificant
role in the thermal evolution of clay, with respect to bentonite stability. Above 850 °C, several different weak,
mutually overlapped DTA effects without significant
TGA mass loss occur and are related to the final decomposition and transformation of phases, like the most probable formation of spinel at 930 °C. Final mass loss at
1000 °C is similar for all samples, being approximately
14 %, except the raw bentonite sample where it reaches
19 % (Fig. 5).
The temperature of both dehydratation and dehydroxylation processes is related to the structural and thermal
stability of clay layers. According to Siguín et al. [27], the
temperature decrease of the dehydroxylation effect oc-

Dehydroxylation process of the raw clay yields with an
effect centered at 545 °C, as shown on Fig. 3. For alkaliactivated bentonite samples, the temperature of dehydroxylation is only slightly lower than in raw bentonite; so, it
is reasonable to assume that these samples retain good
stability. On the contrary, much more pronounced de-
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3.3 FTIR Analysis

The IR spectra of the bentonite samples are given in
Fig. 6. In the bentonite clay, the structural –OH stretching
vibrations appear in the range of 3700 - 3200 cm−1 and the
Si–O stretching vibration as well as –OH bending modes
are seen in the range of 1300 - 440 cm−1 [28, 29]. The
bands at 3627 and 3619 cm-1 are the characteristics of
asymmetric stretching vibration (ν3) of the structural –OH
groups which originate from the Al2OH and AlMgOH
stretching, respectively. Band at 1635 cm−1 belongs to the
H–O–H bending-in-plane vibration (ν2) mode of water,
while the broad peak in range 3500-3000 cm−1 belongs to
the overlapping stretching vibrations of both structural
(symmetric stretching vibration (ν1)) and free –OH groups
(H-bonded water) [30, 31]. For raw bentonite, the bands
are intensified due to a higher amount of octahedral replacement of Mg atoms than that of Fe atoms [29, 32-34].
Also for raw bentonite, this band centered at ~3400 cm−1 is
especially broad with an additional shoulder on ~3200 cm-1
all due to a fact that interlaying Ca ions coordinate higher
amount of water than the exchanging cations [35, 36]. Additionally, the intensity of all –OH related bands is slightly
lowered and shifted for alkali-activated clay whereas for
acid-activated samples is significantly reduced as the
structural integrity is lowered.

FIGURE 4 - DTG curves of seven different bentonite samples.

FIGURE 5 - TGA curves of seven different bentonite samples.

curs proportionally to the degree of isomorphous ion substitution in the octahedral layer. However, the exothermic
dehydroxylation effect is shifted to even lower temperatures as the montmorillonite layers are chemically affected
by the activation treatment. Thus, the shifting of dehydration and dehydroxylation effects points out the significant
difference in resistance of the bentonite clay to the different
activation conditions, as previously suggested by the
XRD data.
The thermal investigation suggests alkali-activated
samples exhibiting greater stability; therefore, they are presumed to have better adsorption properties. The presented
decrease of the acid-activated bentonite structural properties should also diminish the adsorption capacity. However, the obtained insight in stability differences of activated
clays after the adsorption in NH4+ and P2O5 solutions are
insufficient for discussion.

FIGURE 6 - IR ATR spectra of seven different bentonite samples.

The Al2OH deformation peak, characteristic for all
bentonite clay samples (both Na- and Ca-), is found at 910
cm−1 suggesting to be in the dominant positioning of the Al
ions in the octahedral centers of bentonite, as shown earlier
by the XRD analysis. The decrease of this peak after acid
treatment is another argument for favorable dissolution of
the montmorillonite layers during the acid treatment.
Peak at 1110 cm−1 is due to the longitudinal Si–O
stretching mode. Raw bentonite exhibits strong Si–O–Si
and Al–O–Si stretching vibration peaks of tetrahedral layer
which are clearly seen at 1020 and 513 cm−1, respectively.
These bands are very sensitive to any changes in the layer
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structure: therefore, partial splitting and shifting of the
bands to 1020, 1005 and 524 cm-1 is observed in acid-treated
bentonite samples, again due to the lowered layer structural
integrity. There are only minor changes in the Si−O−Si
bending vibrations at 457 cm-1, for all samples.
The bands originating from the external clay component quartz, related to Si−O stretching, are located at 797,
779 and 690 cm−1. Samples containing calcite exhibit
related bands at 1435 and 875 cm−1 [37].
In general, beside some distinctions observed in the –
OH vibrational region based on different water binding
abilities of the interlaying cations, the exchange process
did not exhibit significant differences in the IR spectra.
Yet, the impairing of the layered structure induced by
aggressive chemical treatment was evidenced.
3.4 BET Analysis

The surface area measurements have been carried out
on Bent0, BentAC and BentAL samples (Table 1). Nitrogen adsorption-desorption, in combination with BET
equation for the layered bentonite clays, represents external specific surface area (not interlayer surface) [38]. On
structurally equivalent clays with the same pretreatment,
major influence on specific surface is revealed with different interchangeable cations [38]. Raw sample is Cabentonite, alkali-activated sample is Na-bentonite and
acid-activated sample is Ca-bentonite with partially diminished structure. Thus, somewhat higher specific surface area, SSAN2BET, of raw bentonite compared to the
alkali-activated one is the result of better swelling. On the
other hand significant increase of SSAN2BET for acidactivated bentonite is related only to structural degradation. Namely, fragmentation of layered structure promotes
specific surface increase. Generally, high SSAN2BET values are the consequence of thermal pretreatment (degassing at 250 °C).

3.5 Ion Chromatographic Analysis

Bentonite contains interlayer cations, generally alkali
and earth-alkali cations, which neutralize negative charge
of montmorillonite layers [39]. A certain amount of these
ions are released when brought in contact with water
solution (Table 2). This effect is much more noticeable
when water solution contains exchangeable cations, such
as ammonium ions. Anions are present as counterions at
the layer edges when, at lower pH, protons are adsorbed
by the aluminol groups [40]. The amount of such counterions is low and, therefore, anion exchange effect in bentonite is almost negligible. Nevertheless, bentonite has a
large active area that enables adsorption process [41].
Therefore, it is expected that ammonium removal is governed by ion exchange while the phosphate one by adsorption mechanism.
Model solutions of ammonium and phosphate ions
have been set in contact with raw, acid and alkali activated
bentonite for different time intervals, to examine the adsorption abilities.
TABLE 2 - Analysis of three different solutions after 60-min
contact with raw bentonite sample (phosphates are expressed as
P2O5).
Ion
Lithium
Sodium
Ammonium
Potassium
Magnesium
Calcium
Fluoride
Chloride
Bromide
Nitrite
Nitrate
Sulfate
Phosphate

TABLE 1 - BET analysis parameters.
BET
Specific surface area, m2 g-1
Micropore area, m2 g-1
Micropore volume, cm3 g-1
Average pore diameter, nm

Bent0
90.6
25.6
0.0113
3.77

Bentonite samples
BentAC
BentAL
191.0
69.1
21.6
16.2
0.0083
0.0071
4.49
4.14

Microporosity is primarily affected by the tetrahedraloctahedral-tetrahedral (TOT) layers stacking and is related to the change of d(001) value. It was discussed that
intercalation with Ca2+ promotes swelling, opposite to
Na+. So, Ca-bentonite samples exhibit higher micropore
area and volume than the Na-bentonite (Table 1). Slightly
reduced microporosity of acid-activated Ca-bentonite is
the probable consequence of layer fragmentation. Change
of the average pore diameter of activated bentonite samples is explained in the same manner; however, for inactivated raw bentonite sample, a reduced average pore size is
revealed.

Water
15.396
19.965
7.434
19.708
1.080
9.912
6.779
-

Concentration / ppm
Ammonium ion
Phosphate ion
solution
solution
18.466
141.245
24.253
49.362
132.579
2.309
11.363
12.825
21.086

The acid-activated bentonite clay exhibits lower removal efficiency of ammonium ions than raw or alkaliactivated bentonite (Table 3). The equilibrium of ammonium exchange is reached much faster (within only few
min; Fig. 7), and is accompanied with fast equilibrium of
sodium and calcium release (Fig. 8). Concentration of calcium in contact solution is higher than sodium; taking into
account that calcium ion has twice a charge of sodium, it is
obvious that calcium ion is the dominant species in cation
exchange for acid-activated clay. It is important to emphasize that calcium concentration in the solution should
not be considered only as a result of ion exchange, since
structural analysis of raw bentonite indicated a minor quantity of calcite which is soluble in acidic environment. At the
same time, ammonium removal for alkali-activated clay is
even higher than in raw sample case (Table 3). Transformation from Ca- to Na-montmorillonite during alkali activaTABLE 3 - Removal efficiency for ammonium and phosphate ions.
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Alkali-activated
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Removal efficiency / %
Ammonium ions
Phosphate ions
52,92
29,71
48.78
16.07
62.46
28.94

FIGURE 7 - Adsorption of ammonium ions (squares represent
alkali-activated clay and circles acid-activated one).

FIGURE 8 - Cations in clay's contact solutions: A) sodium, B) potassium, C) magnesium, and D) calcium (circles mark cation concentrations
for acid and squares for alkali-activated clay; contact solutions contain 300 ppm of ammonium ions).

tion provided much more effective cation exchange since
sodium ions, in respect to calcium ones, were exchanged
more easily with ammonium ions. This can be seen from
Fig. 8 where, in respect to acid activation, the amount of
released sodium is significantly higher than that of calcium. The same figure indicates a poor contribution of
potassium and magnesium in overall cation exchange. Lithium ions were not found in contact solutions.
In case of phosphate ions, alkali-activated clay material exhibits very similar removal efficiency as in case of
non-activated one (Table 3). The reason lies in the fact
that clay materials are primary cation-exchangers, and the
main sorption mechanism for phosphate ions is not ion-

exchange, rather adsorption on surface of bentonite clay
particles. Since alkali activation does not affect the clay
structure, the adsorption surface also stays unaffected,
resulting in coinciding values of phosphate removal for
raw and alkali activated bentonite samples. Acid activation, opposite to alkali one, partially disrupted the clay
structure yielding with decrease of adsorption ability which
consequently reduced the removal efficiency for phosphate ions. In the case of acid activation, the equilibrium
of phosphate exchange is reached much faster than in case
of alkali activation (Fig. 9) As acid activation significantly enlarged the specific surface area of clay particles, in
the course of exchange process of phosphate ions (occur-
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ring via adsorption mechanism), the ions will rapidly
interact with the outer surface of the particles. Final adsorption equilibrium (on both inner and outer surface) will
be reached much slower as a consequence of diffusion into
the particle pores. However, the altogether extent of adsorbed phosphate ions in the case of acid-activated clay is
lower, again due to partially disrupted clay structure.

FIGURE 9 - Adsorption of phosphate ions (squares represent alkaliactivated clay and circles acid-activated one).

It can be noticed that concentrations of common analyzed anions in raw-clay contact solution slightly increase if
phosphate solution is used instead of pure water (Table 2).
This indicates that phosphate adsorption is most probably electrostatic in nature, and that phosphate is competing
with these anions for active sites on clay’s surface.

FIGURE 10 - Anions in clay's contact solutions: A) chloride, B) sulfate, and C) nitrate (circles mark anion concentrations for acid and
squares for alkali activated clay).

Analysis of same anions in phosphate model solution
after contact with activated clay samples (Fig. 10) affirms
the observation previously brought out in Table 3 that
alkali activation did not provide any benefits to phosphate
adsorption (the anions concentrations are practically even
to those of raw clay), while acid activation diminished the
adsorption abilities (lower anions concentrations). The exception is that of sulfate ions because their concentration
in case of acid-activated clay is higher than in the alkali
one. This higher concentration is quite understandable if
one remembers that acid activation was performed using
sulfuric acid. The fluoride, nitrite, and bromide ions were
not detected.
3.6 Sorption Kinetics Studies

Using the data obtained from the experiments, firstorder, modified Freundlich, parabolic diffusion and heterogeneous diffusion models have been applied to describe
the sorption mechanisms of ammonium and phosphate
ions on alkali and acid activated bentonite. Determined

parameters of the applied models are presented in Table 4.
For the evaluated models, the correlation coefficient, R2,
was used to determine which of the sorption models fits
the linear form best. A general overview on correlation
values indicated that not all tested models describe sorption of ammonium or phosphate ions validly.
Generally, when fitting the data to parabolic diffusion
model, the greatest divergence from experimental data occurred indicating the model unsuitability. In case of firstorder model, the obtained correlations for alkali-activated
bentonite are very high, especially if comparing with acidactivated ones. Yet, according to Eq. (1), first-order model
should start from coordinate system origin. Since a divergence from coordinate system origin was shown for all four
first-order models (Table 4), the first-order approach was
also proclaimed to be unsuitable for sorption mechanism.
Somewhat better suitability was obtained using modified Freundlich diffusion model. Since the Freundlich isotherm is commonly used for description of adsorption on a
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heterogeneous surface, generally, the more was the exchange based on adsorption the better was the correlation
with experimental data.

Most suitable model for describing the complex process of ammonium or phosphate sorption on heterogeneous
surface of the samples was the most complex model used;
heterogeneous diffusion model. Here, heterogeneity is represented by τmax/τmin ratio, i.e. the slope of the Eq. (8).

TABLE 4 - Parameters of four tested equilibrium models.

First order

Modified Freundlich

Parabolic diffusion
Heterogeneous
diffusion

k’
Intercept
R2
1/m
k
R2
P
C1
R2
1/ρ
C2
R2

Ammonium ions
Alkali-activated
Acid-activated
-0.0578
-0.1194
-0.2489
-1.3103
0.9672
0.4436
0,1755
0.0074
0,0676
0.0947
0,9496
0.9940
0.1012
0.0512
0.4080
0.7647
0.6636
0.1554
0.1247
0.0073
0.5405
0.9711
0.9810
0.9939

According to Aharoni et al. [42], the maximal slope is the
one obtained for homogenous system, which was found to
be 0.24. For both activation processes and for both tested
ions, the calculated slopes exhibit values lower than 0.24,
indicating the heterogeneity of the system. Based on the
provided correlation coefficients, the heterogeneous diffusion model was found to successfully describe all adsorption cases. This indicates that removal of both, ammonium and phosphate ions, for both clay activations is governed by heterogeneous diffusion.
4. CONCLUSIONS
Bentonite clay was used for removal of ammonium
and phosphate ions from petrochemical wastewater. To
explore better removal efficiency, acid and alkali activations of bentonite clay were performed.
The studies indicated Al-rich dioctahedral montmorillonite as dominant bentonite crystalline phase. The dominant cations in basal spacing of raw bentonite were calcium ions.
The alkali activation occurred in a manner of replacing the calcium ions from the clay’s spacing with sodium
ones. Therefore, only the interlayer spacing was affected
while crystallite structure, size and uniform intercalation
were retained throughout the sample after the activation.
In comparison with raw bentonite, such approach enhanced
interlayer ion exchange capabilities, which provided significantly higher removal abilities for ammonium ions, while
the phosphate one remained equally good. Adversely, the
acid activation was not followed by calcium replacement
but it strongly affected the montmorillonite layers; the
layered structure was partially disrupted. Such phenomena diminished the clay particle adsorption capabilities

Phosphate ions
Alkali-activated
Acid-activated
-0.0510
-0.0492
-0.1575
-0.5000
0.9531
0.8507
0.3494
0.0774
0.0188
0.0366
0.8318
0.9801
0.1242
0.0761
0.2557
0.5823
0.7446
0.4045
0.1876
0.0659
0.3570
0.7513
0.9428
0.9898

resulting in significantly lower removal properties for
both examined ions.
The studies of sorption kinetics and structural studies
were performed on raw and activated bentonite samples to
examine the effects of the activation type.
A general overview of correlation coefficients of the
kinetics models indicated heterogeneous diffusion model
as the best description of both, ammonium and phosphate
ion removal, regardless to activation approach. This implies that removal rates for both ions were not controlled
by ion-exchange or adsorption process, yet by diffusion.
According to overall results, it is obvious that tested
alkali activation is the incomparably superior approach,
with respect to the acid one. It provides stabile clay structure and improves the ammonium removal efficiency of
the raw bentonite. Although it does not bring about the
benefits in phosphate removal, the efficiency remains
equally good as for raw bentonite. Therefore, the authors
recommend and encourage the application of such clay
activation for removal of ammonium and phosphate ions
from petrochemical industry wastewaters.
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KINETICS AND EQUILIBRIUM STUDIES ON THE
UPTAKE OF RARE EARTH IONS FROM AQUEOUS
SOLUTION USING A Cu–Al LAYERED DOUBLE HYDROXIDE
INTERCALATED WITH ETHYLENEDIAMINETETRAACETATE
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ABSTRACT
A Cu-Al layered double hydroxide intercalated with
edta ions (edta•Cu-Al LDH) was able to take up rare earth
ions from an aqueous solution. To determine the reaction
mechanism, we have conducted kinetics and equilibrium
studies on the uptake of rare earth ions such as Y3+, Sc3+,
and La3+ from aqueous solution using edta•Cu–Al LDH.
The uptake is more adequately described by the masstransfer-controlled shrinking core model than by the surface-reaction-controlled model. The apparent activation
energies were 19.6, 28.8, and 36.0 kJ mol-1 for Sc3+, Y3+,
and La3+, respectively, confirming that the reaction involved in the uptake of M3+ by edta•Cu-Al LDH proceeds
under mass transfer control. This reaction can also be expressed by Langmuir-type adsorption, suggesting the formation of a 1:1 chelate complex between rare earth ions
and edta ions in the edta•Cu-Al LDH interlayer. The equilibrium adsorption constants were 4.4, 0.89, and 0.41
and the maximum adsorption amounts were 1.4, 0.3, and
0.5 mmol g-1 for Sc3+, Y3+, and La3+, respectively.

KEYWORDS: Cu–Al layered double hydroxide; Ethylenediaminetetraacetate; Uptake; Rare earth ion; Kinetics; Equilibrium

up anions such as brilliant orange, azo dye, methyl orange,
2,4-dichlorophenoxyacetic acid, fluoride, borate, and perchlorate from aqueous solution [2-9]. LDHs intercalated
with chelating agent can take up cationic metals from
aqueous solution. If the metal ions in wastewater are
taken up in the cationic form by the LDH, they are expected to hereafter be reused as electrolytic metals by
electrorefining. LDHs intercalated with ethylenediaminetetraacetate (edta) can take up heavy metal cations
such as Cu2+, Cd2+, Pb2+, Ni2+, Co2+, UO22+, and Sr2+ from
aqueous solution [10–17]. The uptake of heavy metal ions
such as Hg2+, Pb2+, Cu2+, Cd2+, and Pb2+ by LDHs intercalated with other chelating agents, such as mercaptocarboxylic, diethylenetriaminepentaacetate, and meso-2,3-dimercaptosuccinate, has also been investigated [18,19].
LDHs intercalated with citrate, malate, and tartrate can also
take up heavy metal ions such as Cu2+ and Cd2+ from
aqueous solution [20–23].
Our previous research has clarified the uptake of rare
earth ions such as Sc3+ and La3+ from aqueous solution
using Cu–Al LDH intercalated with edta (edta•Cu–Al
LDH) reconstructed from Cu–Al oxide, which was obtained by the thermal decomposition of CO3•Cu–Al LDH
[24]. To determine the reaction mechanism, we have conducted kinetics and equilibrium studies on the uptake of
rare earth ions such as Y3+, Sc3+, and La3+ from aqueous
solution using edta•Cu–Al LDH in this paper.

1. INTRODUCTION
Layered double hydroxides (LDHs) have anionexchange capabilities and are represented by the chemical
formula [M2+1–xM3+x(OH)2](An–)x/n·mH2O, where M2+ is
Mg2+, Ni2+, Zn2+, etc.; M3+ is Al3+, Fe3+, etc.; An- is CO32–,
Cl–, etc.; and x is the M 3+/(M 2+ + M 3+) molar ratio
(0.20 x
0.33) [1]. Several studies have examined the
use of LDH and calcined LDH for the preservation of
aqueous environments. LDHs and calcined LDHs can take
* Corresponding author

2. MATERIALS AND METHODS
All reagents were of chemical reagent grade (Kanto
Chemical Ltd., Japan) and were used without further
purification. The edta•Cu−Al LDH was prepared by suspending Cu−Al oxide, obtained by the calcination of
CO3•Cu–Al LDH, in edta solution [24]. The edta•Cu−Al
LDH had a Cu/Al molar ratio of 2.8 and an edta/Al molar
ratio of 0.12. For the kinetics studies, the edta•Cu–Al
LDH was added to 500 mL of 1.0 mmol/L ScCl3, YCl3, or
LaCl3 solution, and the resultant suspension was kept
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standing at 10, 20, or 30 °C for 30 min with stirring. The
molar ratios of edta in edta•Cu–Al LDH to Sc3+, Y3+ and
La3+ in the chloride solution were set to 1. N2 was bubbled into the solution throughout the experiment. Samples
of the suspension were extracted at different time intervals and immediately filtered through a 0.45-µm membrane filter. The filtrates were submitted for analysis of
the target metal ions by inductively coupled plasmaatomic emission spectrometry (ICP-AES). For the equilibrium studies, the ScCl3, YCl3, or LaCl3 solution (25 mL
of 0.5-10 mM) and 0.2 g of the edta•Cu–Al LDH were
placed in 50-mL screw-top tubes and shaken at 30 °C for
7 d. Samples of the suspension were filtered through a
0.45-µm membrane filter. The filtrates were submitted for
analysis of the target metal ions by ICP-AES.

respectively. For the uptake of La3+, the apparent rate
constants at 10, 20, and 30°C were 5.5 × 10-5, 7.4 × 10-4,
and 1.5 × 10-4 min–1, respectively. An Arrhenius plot of k,
determined from the slope of the straight lines in Figs. 2ac, is shown in Fig. 3. The plot indicates an apparent activation energy of 19.6, 28.8, and 36.0 kJ mol -1 for Sc 3+ ,
100
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suggests that the edta ion in the interlayer of edta•Cu-Al
LDH quickly forms a chelate complex with rare earth
ions. Therefore, the transfer rate of M3+ through the product layer is rate limiting.
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Figs. 4a-c show the adsorption isotherms of M3+
(M = Sc3+, Y3+, La3+) adsorbed by edta•Cu-Al LDH. For
all rare earth ions, the equilibrium adsorption amount increased with increasing equilibrium concentration. The
curve shown in Figs. 4a-c is considered to be a Langmuirtype adsorption isotherm. This hypothesis was confirmed
by arranging the experimental data according to the Langmuir equation, which can be expressed as
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Figs. 5a-c show Ce versus Ce/qe plots for the adsorption isotherm of M3+ (M3+= Sc3+, Y3+, La3+) adsorbed by
edta•Cu-Al LDH. Good linearity was obtained for all rare
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3
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Y , and La , confirming that the reaction involved in the
uptake of M3+ by edta•Cu-Al LDH proceeds under mass
transfer control, as the apparent activation energy for
mass transfer control is below 40 kJ mol-1 [27]. This result agrees with the finding that the uptake of M3+ by
edta•Cu-Al LDH has minimal temperature dependence, as
shown in Figs. 1a-c. The mass transfer control mechanism
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ity of the chelate complex, the edta•Cu-Al LDH was thermodynamically confirmed to selectively take up rare earth
ions from an aqueous solution.
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earth ions, indicating that this reaction can be expressed
by Langmuir-type adsorption. This reaction is derived
from monolayer adsorption, suggesting the formation of a
1:1 chelate complex between M3+ and edta ions in the
interlayer of edta•Cu-Al LDH. The values of KL, determined from the slope and intercept of the straight line in
Figs. 5a-c, were 4.4, 0.89, and 0.41 for Sc3+, Y3+, and
La3+, respectively. The values of KL can be ranked in the
order Sc3+ > Y3+ > La3+, corresponding to the order of the
degree of M3+ uptake and the order of the chelate complex
stability. The chelate formation constants for Sc(edta)−,
Y(edta)− , and La(edta)− are 23.1, 18.1 and 15.5, respectively [28,29]; i.e., the stability of the chelate complex
follows Sc(edta)− > Y(edta)− > La(edta)−. The order of the
equilibrium adsorption constant (KL) indicates that this
reaction thermodynamically depends on the stability of
the chelate complex, even if edta ion is intercalated into
the interlayer of Cu–Al LDH. The values of qm were 1.4,
0.3, and 0.5 mmol g-1 for Sc3+, Y3+, and La3+, respectively.
The value of qm for Sc3+ was much larger than that for Y3+
and La3+, which agreed with the finding that KL was much
larger for Sc3+ than for Y3+ and La3+. Based on the stabil-
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4. CONCLUSIONS
The edta•Cu-Al LDH could take up rare earth ions
from aqueous solution. The uptake increased with time
and followed the order Sc3+ > Y3+ > La3+ for all time durations at the same temperature. However, the uptake was
similar for all rare earth ions, even when the temperature
increased. The uptake is better described by the masstransfer-controlled shrinking core model than the surface
reaction-controlled model. The apparent activation energies were 19.6, 28.8, and 36.0 kJ mol-1 for Sc3+, Y3+, and
La3+, confirming that the reaction involved in the uptake
of M3+ by edta•Cu-Al LDH proceeds under mass transfer
control. Therefore, the edta ions in the edta•Cu-Al LDH
interlayer quickly form chelate complexes with rare earth
ions; thus, the transfer rate of M3+ through the product
layer is rate limiting. Furthermore, this reaction can be
expressed by Langmuir-type adsorption. This reaction is
derived from monolayer adsorption, suggesting the formation of a 1:1 chelate complex between M 3+ and edta
ions in the interlayer of edta•Cu-Al LDH. The equilibrium
adsorption constants were 4.4, 0.89, and 0.41 for Sc3+,
Y3+, and La3+, respectively. The maximum adsorption
amounts were 1.4, 0.3, and 0.5 mmol g-1 for Sc3+, Y3+, and
La3+, respectively.
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DESIGNING CLINOPTILOLITE-RICH TUFF COLUMNS
FOR ADSORPTIVE FILTRATION OF WATER WITH
ENHANCED AMMONIUM CONCENTRATION
Eva Chmielewská*
Comenius University, Faculty of Natural Sciences, Department of Environmental Ecology, Bratislava, Slovak Republic

ABSTRACT

generates from decomposing organic substrates much
faster than ammonia species [1, 2].

The objective of this study was to determine the feasibility at the laboratory, and to evaluate the pilot potential in the field operation for ammonium removal out of
the drinking water with enhanced ammonium concentration by applying Slovakian clinoptilolite-rich tuff deposited at the Eastern Slovakian municipality Nižný Hrabovec.
Detailed technological parameters (specific and shipping
weights, porosity, sphericity, abrasion) were determined for
the Slovakian clinoptilolite-rich tuff, and compared with
some other foreign samples incl. common water treatment
adsorption materials like active coke and silica sand.
Kinetic dependence upon temperature, pH and flow rates
by regenerant recovery were examined, and as much as
possible analytical data from zeolite filtration and elution
were collected to enable successful demonstration of laboratory experiments to the field. The zeolite ion exchange
pilot installation (ZIEPI) with a hydraulic loading rate of
900 L/h was situated then at the field experimental facility
of Water Research Institute in Vajnory, the closed vicinity
of Bratislava, during autumn 1986.

KEYWORDS: clinoptilolite-rich tuff, ammonia removal, ion exchange, regenerant recovery, water purification, air stripping,
recycling loop, technological parameters

1. INTRODUCTION
Ammonia is the most commonly occurring nitrogenous pollutant in current water-bodies, and significantly
contributes to the typical eutrophication of our surface waters, by subsequent dissolved oxygen depletion. The distribution of both inorganic nitrogen and phosphorus with
bioassay experiments confirmed that nitrogen is the critical and limiting factor for algal growth and eutrophication
in coastal marine waters, too. About twice of the phosphate amount, which may be really consumed by algal
growth, is present. Despite of this surplus, phosphorus re* Corresponding author

Ammoniacal nitrogen is discharging to the surface
waters mostly within the sewage, agricultural or industrial
wastewaters. Ammonia-rich industrial wastewaters are discharged usually from refineries, coal gasification, distilleries, fertilizer production, pharmaceutical plants, cellulose
and paper manufactures, tanneries and some others. Based
upon the sustainable engineering and strict legislation that
control industrial effluents, predominantly the sewage water
from municipalities contribute to the major ammonia increase in natural water-bodies of today [3, 4].
Ammonia toxicity to fish and other aquatic organisms
is significant too, and concentrations in the range of 0.20.5 mg/L can be fatal. The Environmental Council of the
European Union proposed a guide level of 0.05 mg/L NH3–
N, with a maximum value of 0.5 mg/L NH3–N [5-8].
Ammonia removal from waters can be accomplished
through the use of air stripping, breakpoint chlorination,
ozonization, ion exchange, or biological nitrificationdenitrification (N-D). The first three physicochemical
techniques are used rarely in practical application. The
most popular now-a-days remains, on the base of its environmental acceptability; however, mostly for wastewaters,
the biological nitrification-denitrification. Chemical ozonization is relatively expensive due to the high capital investment for the ozone generation. Moreover, some undesirable chemical precursors in treated water may appear after
this, and also breakpoint chlorination methods, respectively. Removal efficiency of few of these methods is considerably dependent on the temperature, e.g. N-D and air
stripping use to loose especially during the winter time
their high removal performance. From this point of view
as well as on the base of its economic feasibility, the ion
exchange on natural clinoptilolite seems a competitive
solution for ammonia removal out of the polluted waters.
However, one drawback of ion exchange may be mentioned, i.e. recovery of ion exchange ability needs to be
done by permanent regeneration of zeolitic filters, partially increasing the ammonia removal cost by this method
[9,10].
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Based upon the above discussed facts and the Slovakian over 40 years tradition in mining and exploitation
of natural clinoptilolite incl. recent leadership of zeolite
mining and export within the European Union, one of the
prime goals of this study was to determine the feasibility
at the laboratory, and to evaluate the pilot potential in the
field operation for ammonia removal out of the drinking
water with enhanced ammonium concentration by applying Slovakian clinoptilolite-rich tuff [11, 12].
2. AMMONIA REMOVAL FROM DRINKING
WATER USING THE ION EXCHANGE ONTO
CLINOPTILOLITE-RICH TUFF WITH CHEMICAL
REGENERATION AND REGENERANT RECOVERY (LABORATORY EXAMINATION)
A laboratory model was installed at the laboratory of
Water Research Institute in Bratislava in the spring of
1986, before the pilot examination started to be realized in
the field. Each of two vertical glass columns (height 150 cm,
diameter 3.2 cm) were filled with 700 g of natural zeolite
clinoptilolite (basic characterization see Table 1). As can
be seen from Table 1, the used clinoptilolite-rich tuff
contained more than 80% of the active mineral in the
zeolite rock; some other very detailed analyses of rock´s
components, especially the important class of pollutants,
e.g. toxic metals, on the base of drinking water technology design, were determined, too.
TABLE 1 - The mineralogical and chemical composition of the
clinoptilolite-rich tuff from the Slovakian repository at Nižný
Hrabovec.

flow mode with the loading rate of 9 L/h (11 BV/h) using
two peristaltic pumps (Zalimp, Poland). Tap water enriched with ammonium chloride (p.a.) to the initial concentration of 3.2 mg ammonium per L was pumped onto
the top of the column and regularly monitored using the
sampling ports at the bottom of these columns. To increase the number of bed volumes (BV) throughput across
the laboratory model columns, while maintaining a low
ammonium concentration in effluents, a semicountercurrent operation with two zeolite beds in series, was proposed. By this way, the zeolite filters operated uninterrupted at the laboratory for several months.
Tables 2 and 3 illustrate a representative example of
chemical and bacteriological composition of water treated by means of the above laboratory model during the
current 5-days operating cycle. According to Table 3,
where numerous technological samples and analysed
heavy metal data from specific 5-days filtration, regeneration, backwashing, and grained as well as powdered zeolite tap water eluates are presented, the following conclusions are made. Except the arised aluminum content incl.
slight increase of Ni in the alkalic recycled and recovered
regenerants and in 2.5-h tap water eluates, any other
heavy metal concentrations over the hygienic limitation
occurred in water treated by clinoptilolite-rich tuff [1, 5,
7, 8]. The high pH of regenerant solution (>9) worked to
the zeolitic rock destructive, while the non- zeolitic rock
components dealuminated much easier and with a higher
probability. Such problem was proposed to solve, by the
utilization of less agressive regenerants, or alternatively,
by using the additional step of water purification.
TABLE 2 - Chemical and bacteriological composition of water
treated by means of laboratory zeolite model during the common 5days operating cycle.

The used clinoptilolite-rich tuff was of the grain size
0.3-1 mm. The zeolite columns were operated in down-

Figures 1 and 2 present the typical breakthrough
curves with reversed cation exchange during the process
studied. Recorded data clearly showed that the exchange
of NH 4 + , Ca 2+ and K + ions with each other mostly pro-
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TABLE 3 - Analysed heavy metal data from the common 5-days zeolitic filtration,
regeneration, backwashing, and grained as well as powdered zeolite tap water eluates.

FIGURE 1 - Typical breakthrough curves measured by means of
laboratory zeolite bed and tap water with ammonium content of 3.2
mg/L (curve 1 was the first and curves 2 – 4 subsequently obtained,
i.e. after zeolite bed regeneration with 2% NaCl).

FIGURE 2 - Reversed cation exchange by ammonium removal from
the tap water onto laboratory zeolite bed (1. NH4+ curve means the
use of native variety of zeolite, or first cycle by which the simultaneous elution of mostly K+, Ca2+and, in less extent, Na+ions, proceeded).

ceeded, and the slight increase of NO3- anions in effluents
by gradual reaching of steady state appeared. Nevertheless, after the alkalic regeneration of zeolite beds and
backwashing with the tap water, the not remarkable nitrate increase fell down to the former level. Moreover,
usually, drinking water is disinfected at the end, what
means that potential biological pollution of water is expected to be diminished.

concentration profile or shape of breakthrough curve depends usually upon the hydraulic loading rate across the
bed which, in this case, reached the value of 10.5 m3/m2/h.
The all Shilov constants were calculated as follows:

The almost identical breakthrough and typical Sshaped curves, enumerated as (3, 4) according to Fig. 1,
were mathematically described as their parallel transport
along the column using the Shilov equation (1) [13]. The

ν = νo
ν = 49.9

+

k ( L - L o)

(1)

+ 77.5 ( L - 0.78)
where, L means the column height in m (for the cur-

ν

rent case 1 m) and
breakthrough time in h (currently
equaled 67 h). The equation (1) may be rewriten in another form as follows:
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ν o)

= kL -

τ

(2)

τ/

while
= k ( L - h) and h =
k
(3)
When v means the velocity of parallel transport of
breakthrough curve along the column, then for the column
with the high L follows next Shilov equations enumerated
as follows:
V = L/td = 1/k = 100/77.5 = 1.29 cm/h

ν) . v = (127.5 - 67) . 1.29 = 0.78 m
- ν) . v = (77.5 - 67) . 1.29 = 0.135 m

(4)

Lo = (to -

(5)

h = (td

(6)

νo=kL -τ
o

= 0.775 . 78 - 10.46 = 49.9 h

that the increased pH of regenerant brines positively influenced the ammonia removal efficiency. On the other
hand, the high pH of solutions caused a structure breakdown or dealumination of zeolite framework (Table 3).
The enhanced volume of tap water for filter backwashing
and the alkalinity decrease were necessary, thereafter.
From this reason, pHs only around 9 were used for the
laboratory zeolite bed regeneration.

(7)

where, k is the Shilov constant, h is the dead column
zone, i.e. such zone which is not effectively used for ad-

τ

sorption, and
means the protection time loss (for the
current case calculated as 10.46 h).
Figure 3 illustrates the standard regeneration curves
of the zeolite columns, performed with 2% NaCl solution
and alkalized with NaOH to pH ~ 9. The use of economic
lime for the filter regeneration was excluded due to the
identification of unwanted calcium carbonate inbetween
zeolite grains, causing so-called „chanelling effect“ or
filter plugging, visible in the laboratory glass columns.
For the total regeneration of zeolite filters, 1.3 kg of NaCl
was consumed. This quantity was sufficient for the whole
and renewed regeneration periods as well as for the Na
ions supply for the zeolite framework, respectively. Any
other addition, except the alkalization with NaOH, was
not required in this regeneration process. Based upon the
curves recorded in the Fig. 3, there is more or less evident
that 2-h regeneration was sufficient.

FIGURE 4 - Ammonia removal efficiency upon the pH within the
time for the exhausted regenerant recovery.

FIGURE 5 - Ammonia removal efficiency upon the temperature
within the time for the exhausted regenerant recovery.

FIGURE 3 - The 4 standard regeneration curves of laboratory
zeolite bed recorded, or ammonia elution within the time using the
alkalized 2% NaCl solution.

Figures 4 and 5 present the laboratory results of ammonia removal efficiency upon the various pH and temperature values within the time tested for the final step,
i.e. for the exhausted regenerant recovery. It seems clearly

To shorten the ammonia stripping out of the regenerant brines, the regenerants were heated by 2 thermostates,
keeping the constant temperature at 36 °C. Figure 5 depicts
the considerable increase of ammonia removal within the
time by the enhanced temperature, while showing the
highest performance at 40 °C.
To support the application of the examined clinoptilolite-rich tuff of Slovakian origin for water purification
processes, selected technological properties for some comparable adsorption materials (common for water treatment)
like silica sand and active coke incl. some foreign clinoptilolite-rich tuff samples were measured (Table 4).
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TABLE 4 - Detailed technological parameters (specific and shipping weights, porosity,
sphericity, abrasion, surface area) determined for the Slovakian clinoptilolite-rich tuff,
and compared with some other foreign samples incl. common water treatment adsorption materials like active coke and silica sand.

To compare all the materials to each other, the grainsize of the adsorbents were kept more or less similar. Based
upon the results obtained, the specific weights for silica
sand reached the highest and for the active coke the lowest values. These data correlated well to their shipping
weights, too. It was expected that, with the enhanced porosity of the materials, the surface areas (SBET) proportionally
arise. As generally known, very porous active coke reaches
surface areas, even more than 1000 m2/g. On the other
hand, the abrasion (attrition) of this soft material was high
(39.08%), with regard to the Slovakian clinoptilolite-rich
tuff, who´s abrasion was about 5-fold lower (8.2%). Depending upon the grain-size, the SBET for Slovakian clinoptilolite-rich tuff was determined in the range of 3659.2 m2/g for its powderized form.
3. AMMONIA REMOVAL FROM DRINKING
WATER USING THE ION EXCHANGE ONTO
CLINOPTILOLITE-RICH TUFF WITH CHEMICAL
REGENERATION AND REGENERANT RECOVERY (FIELD EXAMINATION)

was filled with 14 L of about 3-mm grain-sized sand as
drainage support layer (Fig. 6).

FIGURE 6 - Principle sketch of ion exchange technology for ammonia removal from water using the zeolitic filtration incl. its chemical
regeneration and the used regenerant recovery by air stripping.

Thereafter, during the autumn 1986, the zeolite ion
exchange pilot installation (ZIEPI) with a hydraulic loading rate of 900 L/h (~ 13 BV/h) was situated at the field
experimental facility of Water Research Institute in Vajnory, the closed vicinity of Bratislava. This pilot facility
treated the tap water, which was enriched by ammonium
chloride, to the initial concentration of 1 mg ammonium
per L.
Two pressure steel columns operating in series, each
one filled with 70 L or 56 kg of clinoptilolite-rich tuff of
size-granulation 0.4-1 mm, as part of the above described
pilot facility, provided the drinking water purification with
high efficiency for several weeks. Bottom of each column

The zeolite filters were operated in down-flow mode
during the common working service but up-flow mode
during the chemical regeneration. For the chemical regeneration of the loaded zeolite filter, 2% NaCl solution of
pH 9 was used. A 2-h period of chemical regeneration
required approximately 25 BV of 2% NaCl solution. To
regenerate a zeolite filter by 85%, or to effectively elute
the ammonia from the loaded zeolite bed was sufficient to
maintain a solid time schedule and the required water quality. To provide a permanent running of the whole facility
(ZIEPI) and the uninterrupted water purification, ammoniaexhausted regenerants, thereafter, need to be recovered by
means of air stripping, to be again recycled for filter regeneration.
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A HDPP plastic tower (total height 6.5 m), assembled
from 6 modules (ground-plane measures 980 x 650 mm),
was applied for ammonia stripping. To strip ammonia out
of the regenerant brine, a large quantity of air through the
tower was necessary; therefore, the design of stripping
tower was improved by installation of two lateral air
blowers at its bottom module (each with blowing capacity
of 450 L/s). Stripping ammonia out of the exhausted regenerant solutions was then processed in countercurrent
tower configuration, by which the entire air-flow entered
the bottom, while the treated regenerant was pumped to the
top (with the same hydraulic loading rate as into the ZB,
i.e. 900 L/h), and fell across the vertical wave-like shaped
laminated slats to the bottom of the tower. The whole
regenerant volume was air stripped without the mass
closed loop operation, because the ZIEPI with the rather
low operation capacity did not affect, at that time, the surrounded air quality significantly. Therefore, the stripped
ammonia was at that pilot facility discharged simply into
the atmosphere. The entire volume of regenerants (1800 L)
was recycled through the tower during 150 min to decrease the initial ammonia concentration of 50 mg/L to
less than 10 mg/L. In the first stripping cycle, 47% of
ammonia was stripped out; therefore, also the second
stripping cycle was necessary.

this strategy of operation, the number of bed volumes
throughput (volumes of treated water by ZB) during the
operation service increased effectively by about 50%.

The major factors which affect design and process
performance of air stripping tower are the tower configuration, the air-flow and the pH. For recovery of 1 L of
regenerant solution, the consumption of 3.8 m3 air was
necessary. To maintain pH 11 of regenerant solutions in
stripping process and to compensate some loss of sodium
ions in regenerant effluents, regular addition of NaOH
into effluents was provided during the operation of ZIEPI.

The other technological parameters like abrasion (attrition) of the active coke was estimated to be 39.08%,
with regard to the Slovakian clinoptilolite-rich tuff, who´s
abrasion was estimated to be about 5 times lower, i.e.
8.2%. Depending upon the grain-size, the other important
value SBET for the Slovakian clinoptilolite-rich tuff was
determined in the range of 36-59.2 m2/g for its powderized form (highest value among the other measured zeolitic materials) [14,15].

Under the above-described operation, the one zeolite
column was able to treat 85 m3 of drinking water with
enhanced ammonium concentration up to the limited
value of 0.5 mg/L (the laboratory model volume only 675 L),
what means that the 4-days-operated zeolite filter removed
81 g of ammonium from the whole treated volume of
water.
The operation principle of two pilot zeolite columns
(zeolite beds ZB) was as follows: Single or one ZB was
under the operation service till the ammonium concentration in effluent reached the limited value of 0.5 mg/L, and
then, the second, new ZB was connected with the first one
in series to load the capacity of the first ZB totally. When
the first ZB was loaded to its maximum capacity, the
column was disconnected from the operation in series,
and started to get regenerated, while the second ZB operated as single column. There was sufficient regeneration
time for the ammonium-loaded ZB, and to prepare it for
the sequenced operation in the next process of drinking
water purification. The longer time-operating ZB was
used to be joined in series always at the influent end,
backed up by another ZB with lower loading level. Using

In addition, ZB backwashing (30 min) using the tap
water with about 30% bed expansion followed the chemical regeneration with alkalic NaCl solution, due to the
necessity of pH decrease of the treated water filtered
through ZB, and left after its contact with the alkalic brines.
4. CONCLUSIONS
A laboratory model, consisting of 2 vertical glass
columns (height 150 cm, diameter 3.2 cm) and filled with
700 g of zeolite clinoptilolite, was installed at the laboratory of Water Research Institute in Bratislava in spring
1986 to determine the feasibility of ammonia removal
from drinking water. The zeolite filters operated at the
laboratory uninterrupted for several months, and thus,
supported the ammonia removal feasibility.
The breakthrough and typical S-shaped curves obtained were mathematically described as their parallel
transport along the column using the Shilov equation.

During autumn 1986, the zeolite ion exchange pilot
installation (ZIEPI) with a hydraulic loading rate of 900
L/h was succesfully operated at the field experimental
facility of Water Research Institute in Vajnory, the closed
vicinity of Bratislava.
In the year 1986, the cost of 1 m3 water treated by
means of ion exchange onto the clinoptilolite-rich tuff incl.
chemical regeneration and regenerant recovery by air stripping, was calculated to be 0.37 Czechoslovakian crowns
(0.012 Euro); however, with respect to that time low electricity price, this total cost of water purification was low.
Additionally to the total cost, the consumption of zeolite,
chemicals, energy for pumping, air stripping, filtering and
backwashing was calculated.
Not any pathogenic microorganisms during the water
purification by this method were detected. According to
the hygienic and sanitary expertise performed, this aluminosilicate was not classified as toxic or carcinogenic and
it did not prove any oral or dermal toxicity. Some standardized fibrogenity procedures using the intratracheal
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application of powderized zeolite with less than 5 µm
grain-size in physiological solutions were tested by means
of the rat species Whistar, respectively. Only <3% of respirable, pure SiO2 (free quartz) content in the zeolite samples was identified [10]. Based upon this fact, it was concluded that above-content may not expose or endanger the
human health during the treatment process.
Moreover, epidemiological studies to date have not
revealed any evidence of a relation between exposure to
natural clinoptilolite and diseases of the respiratory tract
beyond general effects of dust.
Despite of the all positive results presented, the technology of ion exchange by clinoptilolite-rich tuff has not
been applied idustrially since that time in Czech or Slovak
Republics, probably due to a very rare occurrence of such
a specifically polluted drinking water collector.

[8]

http://www.dhs.wisconsin.gov/eh/HlthHaz/fs (Human Health
Hazards, Wisconsin Department of Health Services) – accessed 2013-03-21.

[9]

Chmielewská, E. (2003) Remediation of specifically polluted
waste effluents using natural zeolites. Environment Protec.
Eng. 29, 35-43.

[10] Widiastuti, N., Wu, H., Ming Ang, H., Zhang, D. (2011) Removal of ammonium from greywater using natural zeolite,
Desalination 277, 15-23.
[11] www.zeocem.com [ZeoCem Eco for technological, communal, atmospheric, and sewage water treatment+ accessed
April 2014].
[12] Chmielewská, E. (2012) Natural zeolite- a versatile commodity-some retrospectives in water cleanup processes, Desalination and Water Treatment 41, 335-341.
[13] Weber, W.J. (1972) Physicochemical Processes for Water
Quality Control, Willey, New York.
[14] Li, Ch.Y., Li, W.G., Wei, L. (2012) Research on absorption of
ammonia by nitric acid – modified bamboo charcoal at low
temperature, Desalination and Water Treatment 47, 1-3.
[15] Sedlak, R.I. (Ed.) (1991). Phosphorus and nitrogen removal
from municipal wastewater: Principles and practice. Lewis
Publishers, USA, New York 1991, 240 p.
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