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sources of drinking water, some 2.5 billion people
do not use sanitation facility, and among them, 1
billion still practice open defecation [2].
Additionally, due to the urbanization and
industrialization of former rural areas, the demand
for water resources has grown and water becomes
increasingly polluted. Consequently, there is less
and less water available for other purposes, such as
potable water, fish farming, or irrigation.
Wastewater reuse appears to be an available source
for irrigation purposes and being practiced in
several parts of the world [3]. Water is undeniably
at the heart of the Sustainable Development Goals
(SDG). Building and sharing a global vision on
wastewater is necessary to improve the
effectiveness of national policies and to avoid
riparian countries adopting inconsistent measures.
Water scarcity is one of the main challenges
for water managers in the Middle East Countries,
where agriculture and domestic needs are the two
main water consuming sectors. The most
sustainable measure in combating water scarcity is
reducing the amount of unnecessary water usage.
The problem of excessive water losses from
drinking water distribution networks is common in
many countries of the Middle East, where annual
water losses make up to more than 50% of total
water supply [4]. In addition, almost 70% of the
total available water in these countries is allocated
to agricultural purposes, where water losses due to
inadequate irrigation techniques are also significant
[5]. Climate change and population growth will
make the water allocation under the water
demanding sectors more difficult in the near future.
Reducing and controlling water losses by better
management is becoming more crucial as demand
increases in the region.
The utilization scenarios that exist are
manifold, and so are the academic disciplines,
which have to cooperate to reach the Millenium
Development Goals (MDG) 7 and the SDG on
Sustainable Water Management. The focus of the
cooperation in the research and development sector
is on avoiding the over exploitation of resources,
reducing the contamination of water reserves, and
using concepts tailored to the needs of the related
regions. In order to implement these concepts in the

ABSTRACT
The Middle East Region is one of the driest
regions in the world. Water shortage in most of the
region has led to wastewater reuse practices. While
this source includes valuable nutrients essential for
plants, it also contains various environmental
contaminants, which can threat both human health
and agricultural sustainability. Uncontrolled
applications for long term result in soil
deterioration, contaminated agricultural products,
and sanitary problems. In many Middle East
Countries, wastewater treatment plants are lacking.
Domestic wastewaters are sometimes contaminated
with uncontrolled industrial discharges. Wastewater
quality and soil safety for wastewater application
are often neglected. For sustainable use of
wastewater in the region, there is a serious need for
regulations, monitoring of wastewater, soil and
product quality, and public awareness about
possible adverse effects of untreated wastewater.
In this review, the authors aimed to give an
overview about the state-of-the-art of wastewater
reuse in particular for irrigation purposes in Turkey
and the Arab Countries in the Middle East. The
different origins of wastewater discharge that are
manifold in the Middle East Region, e.g. domestic,
touristic, industrial, and agricultural drainage,
pollutants identified in the wastewater, and R&D
efforts made for a pollution inventory, removal of
pollutants through wastewater treatment before use,
and the fate and behaviour of the residual pollutants
in agro-ecosystems during irrigation with
wastewater are reported.
KEYWORDS:
Irrigation, Middle East Countries, wastewater reuse,
water scarcity.

INTRODUCTION
$OWKRXJKRIHDUWK¶VVXUIDFHLVFRYHUHGE\
water, the water reserves useable for mankind are
vanishingly small [1]. It is reported that more than
700 million people have no access to improved
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said regions, and to increase the acceptance of
measures taken within the respective cultural
groups, socio-economic training concepts and tools
have also to be developed. In addition to the interdisciplinary and technological partners, it is
essential to involve regional stakeholders in
research and development projects in order to
guarantee the necessary acceptance for the
developed training opportunities and research
results obtained [6].
The purpose of this work was to state water
stress in Middle East Countries and to highlight
progresses about wastewater reuse applications as a
partial solution for water scarcity in the region. For
this purpose, water supply of some Middle East
Region countries Turkey, Egypt and Jordan are
given, recent developments about wastewater
treatment in these countries presented, and
wastewater reuse applications are exemplified.
Persistent and emerging pollutants in wastewater
are emphasized and cost-effective technologies of
wastewater treatment reviewed. It was aimed to
give an overview on prospects and challenges for
wastewater reuse that become more and more
common in Middle East Countries.
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wastewater in different Middle East Countries: as
for Turkey (2010) 3.6 billion m3, for Egypt (2012)
7.1 billion m3, and for Jordan (2002) 0.18 billion m3
[8]. Annual water amounts in some Middle East
countries are given in Table 1. The threshold value
of 1000 m3/capita/year is often used as an
indication of scarcity.

TABLE 1
Annual water amounts in some Middle East
countries
Country
Turkey
Egypt
Jordan
Iran
Saudi
Arabia

Annual Water Amount
(m3/per capita)
1600
860
145
1288

Source
Year
2005
2000
2008
2007

959

2007

Reference
[9]
[11]
[13]
[17]
[17]

Turkey is one of the water poor countries in
the Middle East Region. Available annual water
amount per capita was 1,600 m3 in 2005, while it is
estimated to decrease to 1,300 m3 in 2023 [9]. 75%
of water resources in Turkey are used for
agricultural irrigation. Treated wastewater in
Turkey is discharged to surface water sources and
being used illegally by farmers for irrigation
purposes as a solution for water shortage.
The total annual water consumed in Egypt is
68 km3, of which 86% is used for agricultural
irrigation. 95% of the water derives from the River
Nile [10]. Due to arid conditions, Egypt depends on
irrigated agriculture that poses the highest pressure
on the water resources system. The per capita share
of available water resources in 2000 was 860 m3
and is expected to decrease to 720 m3 by the year
2017. Population growth has an important
contribution on potential water shortage [11]. To
overcome this shortage, part of the agricultural
drainage is reused, besides shallow groundwater
and non-conventional water resources. A dramatic
decrease of surface areas of some lakes in Egypt
demonstrates the emergent situation in the region.
For instance Lake Manzala: It is located in
Northern Egypt and intersected by the Suez Canal.
7KH ODNH¶V VXUIDFH DUHD ZDV  KD E\ WKH \HDU
1985. As result of water abstraction for irrigation,
the lake lost approximately 80% of its former
space. Besides many other lakes, Edko Lake is also
reduced to less than the half of its original size, and
the boundary of the lake suffers from
eutrophication [12].
Jordan is the fourth water poorest country on
the earth. The average annual water supply per
capita decreased from 3,600 m3 in 1946 to less than
145 m3 in 2008, and is estimated to become 90 m3

Depletion of Water Sources in the Middle
East Region. Middle East Region suffers from
water scarcity due to increasing demand for water
and adverse effects of climate change. This
situation leads to ground water depletion through
excessive exploitation, salt water intrusion into
aquifers of coastal regions, and decreasing surface
area of water resources. Most of Middle East
Countries are characterized through arid to semiarid climate conditions. The region ran out
renewable fresh water resources decades ago and is
looking for alternative non-conventional water
resources in order to meet the dramatic increase of
fresh water demand mainly for agricultural and
domestic uses. The Middle East and North African
Countries (MENA) have 6% of global population
but just 1% of fresh water resources on earth.
Wastewater reuse for irrigation purposes is
considered as a partial solution of water scarcity.
Wastewater is a source of plant nutrients and
organic matter. But, it is also a potential source of
environmental pollutants if not properly treated.
Continuous application of wastewater results in soil
salinization, alkalinisation/acidification, accumulation of persistent organic pollutants (POPs),
and structural deterioration that reduce soil fertility
on the long run. Based on human consumption of
fresh water in water stress countries such as in the
MENA Region, the estimated amount of
wastewater produced per capita ranged from 30 to
90 m3 annually [7]. The Food and Agriculture
Organization (FAO, 2015) reported the following
amounts of annually produced municipal
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water protection measures are given below over the
examples of Turkey, Egypt and Jordan. No single
regulative criterion is established in these countries,
similar to other regions [22]. Jordan is a pioneer
for wastewater reuse in the region. Egypt and
Jordan have policies to increase the percentage of
wastewater reuse for irrigation purposes. However
in Turkey, there is a serious public defense versus
wastewater reuse that obstructs politicians to state
wastewater reuse as a policy target for water
management. Regulations in Turkey for wastewater
irrigation include pathogenic safety and boron
ingredient. Wastewater irrigation of edible
agricultural products is possible after secondary
treatment and disinfection with chlorine. Filtration
is needed for irrigation of not cooked vegetables.
Wastewater irrigation is limited according to boron
tolerance of the plant. There is no guideline in
Egypt for wastewater reuse yet, but since 1984
martial law prohibits the use of wastewater unless it
meets regulated limits. Reuse of treated wastewater
is not permitted for edible foods, and there is a
restricted reuse of treated wastewater for non-food
crops. The irrigation and drainage law (12/1984)
regulates water rights and ownerships to provide
equity among users. The law also gives sectoral
priorities, beneficial and harmful use of water,
groundwater use, financial and economic aspects of
water resources. Jordan has guidelines and
regulations for wastewater treatment before reuse.
The first law regarding the operation of municipal
sewer systems in Jordan was established in 1955,
and the original public health standards first
enacted in 1971. Moreover, standards for
wastewater treatment and reuse date back to 1982,
as a martial law. A more liberal form of this
regulation was enforced in 1989 [23, 24]. These
regulations were subjected to intensive revision and
the most updated are the Jordanian standard number
JS 893/ 2006 for treated domestic wastewater.
Similar to Turkey, Jordan standards have
categorized the quality of the treated wastewater
into three classes A, B and C based on physical,
chemical and biological properties. Additionally, its
uses were limited for cooked vegetables, fruits and
forestry trees, industrial and fodder crops, and cut
flowers. Turkish and Jordanian irrigation standards
for treated domestic wastewater is given in Table 2.
Turkey is a good example for constructing
higher number of WWTP when compared with
other Middle East countries. By the year 2012,
72% of municipal population in Turkey took up
wastewater treatment services. Giving this service
to 85% of municipal population is planned until the
end of 2017. Strategic measures are taken for
sustainable management and usage of water
resources in the country, such as legal and
institutional arrangements,
development of
technical and economic instruments, and protecting

in 2025 [13] (Water Strategy of Jordan 2008-2022).
In the UN World Water Development Report
(2003), Jordan was classified as facing an extreme
situation of water scarcity [14]. There is an over
exploitation of groundwater, and salt water
intrusions occur in deeper aquifers. Groundwater
recharge is being practiced in some regions in order
to sustain the future of water resources.
The global water demand on fresh water
resources is increasing and wastewater is gaining
more attention in water scarce countries for meeting
the demand as non-conventional water resources to
be used mainly for irrigation in agriculture and
groundwater recharge. For example, JRUGDQ¶VZDWHU
consumption in 2007 made up 941 million m3, of
which 64% was consumed by agriculture, 31%
domestic, 4% industrial, and 1% by others [15].
Wastewater is currently treated in 23 wastewater
treatment plants throughout the country, with a total
influent amount of 112 and effluent of 86.5 million
m3/yr. One fourth of wastewater is lost during the
treatment process [15]. Furthermore, the predicted
amount of treated wastewater in Jordan for 2020 is
estimated to 250 million m3/yr. This predicted
amount might be used for compensation of about
30-40% of future water demand in the agricultural
sector.
Other countries in the region also have similar
situations. Limited water supply in Iran enforces
the use of treated wastewater, especially for
irrigation purposes. Iran faces with a dramatic
water crisis after 30 years long severe drought
along with high population growth [16]. Available
annual water amount per capita was 1,288 m3 in
2002 [17]. Providing quality criteria is a major
issue for sustainable use of treated wastewater.
Baghapour et al. [18] reported that three physicalchemical parameters (TDS, EC, and NO3) and three
microbial parameters (fecal coliform, helminthes
egg, and total coliform) had negative effect on
secure reuse of Shiraz wastewater. Severe Cr
pollution (maximum values of 1,364 mg/kg) in
suburbs of Tabriz is attributed to long term
wastewater irrigation [19]. Saudi Arabia has no
rivers or lakes, and the country dependents mainly
on the desalination plants, located at the Red Sea,
and groundwater resources to meet water demands.
There are reservations versus the reuse of effluents
from conventional wastewater treatment plants due
to potential microbiological contamination and
emerging trace elements accumulation [20, 21].
Water
Protection
Measures
and
Regulations. For restoration of water resources in
the region, various measures are taken, including
erection of conventional Wastewater Treatment
Plants (WWTP) and establishing regulations and
guidelines. Proper treatment of wastewater is
critical before its reuse. Present situation about

1287

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



Chemical Oxygen Demand (COD), Suspended
Solids (SS), and Total Nitrogen (TN) are in average
436 mg/L, 904 mg/L, 467 mg/L and 93 mg/L,
respectively, while they decrease in the outlet to 38
mg/L for BOD and SS, 100 mg/L for COD, and 63
mg/L for TN. These parameters do not meet the
Turkish quality standards for the reuse of treated
wastewater in urban areas for irrigation of parks,
landscaping areas, refuge, etc., as well as
vegetables eaten raw. Therefore, a wastewater reuse
system was constructed including tertiary treatment
process (flocculation, UV treatment, and
chlorination) for making use of the treated
wastewater in Konya urban landscapes. Reuse of
wastewater in the city has been developed for a
capacity of 3,600 m3/d. ³7UHDWHG :DVWHZDWHU
,UULJDWLRQ 1HWZRUN´ of Konya is the first
application in the entire country.
Since 1975, the reuse of drainage water has
been adopted as an official policy in Egyptian water
resources management practice. In 1983, the
Drainage Research Institute (DRI) started the
implementation of the Reuse of Drainage Water
Project (RDWP). Through the course of RDWP, a
monitoring network was estab¬lished consisting of
100 sites for monitoring the flow and salinity of
water in the main drains [31]. Water samples are
collected monthly and analyzed for the major ions,
total dissolved salts, and sodium adsorption ratio.

and improving the quality of water bodies. There
are action plans for restoration of various basins in
the country [9].
Istanbul is an important megacity in Turkey. It
is the only city in the world that the ocean goes
through. There are 25 discharge outlets of
wastewater into the Marmara Sea comprising 15
deep sea and 10 sea discharges. 52 WWTPs serve
for surface water protection and biodiversity. Most
of these plants include biological treatment
processes. Total treated wastewater amount is about
1.1 billion m3/yr. There are a number of monitoring
stations in Marmara Sea, Black Sea, Bosporus, and
the coastline. Besides, real-time remote monitoring
systems are installed to WWTP outlets that help
online monitoring of some parameters such as flow
rate, pH, temperature, electrical conductivity (EC),
and dissolved oxygen. Excess sludge of biological
and advanced biological WWTP are dried to over
90% and reutilized in cement plants as fuel.
Konya Closed Basin is one of the important
basins in Turkey. There is an intense agricultural
DFWLYLW\ZLWKDKLJKZDWHUGHPDQG.RQ\D¶V::73
was designed for 1 million person equivalent and
200,000 m3/d and constructed in 2010. It was
designed for organic carbon and partial nitrogen
(N) removal, including activated sludge basins
working by the Bardenpho process. Inlet
parameters for Biological Oxygen Demand (BOD),

TABLE 2
Turkish and Jordanian irrigation standards for treated domestic wastewater
Country

Parameter

Jordan (Jordanian Standard 893/ 2006)
BOD5 (mg/L)
COD (mg/L)
DO
TDS (mg/L)
TSS (mg/L)
pH
Turbidity (NTU)
NO3-N (mg/L)
Total-N (mg/L)
E.Coli (cfu/100 mL)
Intestinal Helminths eggs
Turkey (Turkish Standard 25687/2004)
BOD5 (mg/L)
TSS (mg/L)
pH
Fecal Coliform (cfu/100
mL)

Cooked
vegetables

Fruit & forestry trees,
crops & industrial products

Irrigation of
fodder crops

Irrigation of
cut flower

30
100
>2
1500
50
6.0-9.0
10
30
45
100


200
500
1500
200
6.0-9.0
45
70
1000


300
500
1500
300
6.0-9.0
70
100


15
50
>2
1500
15
6.0-9.0
5
45
70
<1.1


30
30
6.0-9.0

30
30
6.0-9.0

30
30
6.0-9.0

-

200

200

200

-

Data were used for developing numerical
simulation
models
for
supporting
water
management and maximizing the reuse of drainage
water of acceptable quality [31]. These data

provided the basis for the assessment and
development of the National Water Resources Plan
(NWRP).
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The elevated salinity levels impose potential
limitation for direct use of drainage water in
irrigation unless diluted with the receiving fresh
water from the River Nile system [32]. In some
places, salinity attains levels up to 6,000 mg/L
exceeding the brackish boundaries towards salty
water, a condition rendering the drainage water
unsuitable for irrigation. Surface and subsurface
drainage water are usually of inferior quality due to
high amounts of total dissolved solids (TDS),
excessive concentrations of plant nutrients (i.e.
nitrogen, phosphorus (P)), elevated heavy metal
concentrations, high organic loads, residues of
organic pesticides, and microbial pollution. The
situation is even worst at Nile Delta, where
intensive
agricultural
practices,
heavy
industrialization, and dense human settlements
exist.
Extensive studies have targeted the evaluation
of water quality of the River Nile based on

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

physical-chemical and biological characteristics.
Considerable studies [33-38] were carried out for
integrated quality assessment of the River Nile and
other inland surface water habitats in Egypt.
Comprehensive studies [39-41] were carried out to
assess the water quality of the sub and deltaic
regions of the River Nile based on field and
laboratory
investigations.
Physical-chemical
chemical characteristics of water, phytoplankton,
periphyton, and algal bioassays were the main
study objectives.
Remarkable up- to downstream water quality
deterioration is evident, and most of the studies
indicated that the worst water quality conditions
were always recorded at the Nile Delta. High
bioavailability of N and P, the key eutrophication
elements, at the Delta Region is considered to be
responsible for the mass growth of aquatic
photosynthetic biomass including microalgae and
aquatic weeds [33, 38, 41].

FIGURE 1
Typical long-section of El-Bahw in-stream wetland system, Nile Delta, Egypt (Total Length of 1500 m)
(Hassan, 2013).

Some efforts are made for phytoremediation in
the region. El-Bahw Drain near Mansoura in the
Nile Delta takes a total discharge of 4,000 m3/d,
including agricultural and domestic wastewaters.
The lake was subject for phytoremediation
investigations with an in-stream engineering
approach (Figure 1). Floating plants Lemna gibba
and Eichornia crassipes, and rooted submerged
plants Phragmites australis and Typha elephantine
were used for a typical long section in-stream
wetland treatment system. The performance of the
system was expected to be equivalent to the
primary to secondary stages of conventional
treatment of WWTPs under Egyptian conditions.
Removal rates of 60% for BOD were achieved. The
removal rates for the fecal coliforms were within
the range of 32-70% [12].
An off-stream engineering approach was
applied for Bahr El-Baqar Drain, which was one of
the most polluted drains in Egypt. Highly polluted
water of the drain was used in fish ponds before
1999. Before entering Lake Manzala, an engineered

wetland was constructed. It was aimed to assess
the feasibility of engineered wetland system for
wastewater treatment and reuse. The facility treats
25,000 m3/d with 90% BOD removal (Table 3).
Treated water is now used for raising healthy fish
suitable for human consumption. These methods
were offered as cheaper alternatives to conventional
treatment methods [12].
Jordan has remediated As-Samra WWTP in
2008, which is the largest one in the country with a
secondary mechanical and biological treatment, and
serves 2.2 million inhabitants in Great AmmanZarqa area with an average flow of 267,000 m3/d.
This project leads to improve the treated
wastewater quality that follows to Zarqa river and
drains most of its polluted water into the King Talal
Dam, which provides irrigation water for the Jordan
Valley, causing significant environmental and
health concerns.
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BOD
TSS
Total P
Total N

Influent
(mg/L)
40
160
5
12
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of the investigated area was determined at rather
high concentrations (200 mg/kg). Concentrations of
some trace elements in investigated crop samples
exceeded threshold values set in Turkey. Ismail et
al. [44] revealed the maximum concentration of
heavy metals in the canal followed by sewerage. Pb
in spinach (0.59 mg/kg), radish pods (0.44 mg/kg),
and bitter gourd (0.33 mg/kg) irrigated with canalwater were above the limits set by FAO and World
Health Organization (WHO). Klay et al. [45] also
demonstrated
soil
salinization
and
soil
contamination with Pb (1,010-1,890 μg/kg) and Cd
(2-20 μg/kg) caused by wastewater irrigation in
Tunisia. These findings are important for more
cautious application of wastewater.
Mixed domestic and industrial wastewaters of
the City of Konya, Turkey have been collected by a
combined sewage system and conveyed through the
main drainage channel to the Salt Lake 120 km in
the north. Until 2010, this was practiced without
any treatment. During the dry seasons (summer),
the wastewater from the main drainage channel was
used by farmers for crop irrigation. The agricultural
products from the irrigated fields were consumed
since 1974.
A joint research study of Turkish and German
scientists was conducted in 2010s for determining
the concentration levels of some pollutants in
agricultural soil resulting from wastewater
irrigation along the channel and in crops grown on
these fields entering the human food chain [46].
Selected sampling sites were near three pumping
stations along the drainage channel. Soil samples
were taken from near the channel and a distance of
100 and 500 m away in the depth of 0-25 cm, 25-50
cm, and 50-75 cm. Also, samples from soils
irrigated with unpolluted groundwater were taken
in the same area for comparison purposes. Soil
samples from an area without any agricultural or
human activities were defined as controls. In
addition, sampling of fresh sediment and earlier
excavated sediments along the channel was carried
out to get a complete pollution pattern. Agricultural
crops (wheat) were collected from the sampling
location.
Based on the grain size analyses, soil of the
area was categorized as silty loam clay. The highest
concentrations of Pb, Cr, Cu, Cd, Zinc (Zn), Ni, and
Mercury (Hg) in the topsoil were 5.32, 37.1, 31.5,
11.3, 91.5, 134, and 0.34 mg/kg, respectively.
Comparing with geological background, high levels
of Cd, Zn, and Ni proved that there is a
contamination of the soil (Figure 2), although the
concentrations of heavy metals in the channel water
were rather low (maximum detected concentrations:
Pb: 33.9 μg/L, Cr: 16.6 μg/L, Cu: 3.2 μg/L, Cd:
n.d., Zn: 8.0 μg/L, Ni: 50.7 μg/L, and Hg: 5.9
μg/L). Aydin et al. [47] reported higher
concentrations of heavy metals in wastewater

TABLE 3
Lake Manzala engineered wetland / influent and
effluent concentrations
(Hassan, 2013).
Parameter



Effluent (mg/L)
Sediment Basin
End Beds
24
2.4
32
8
4
2
12
1.2



The new As-Samra WWTP showed a
reduction of BOD, COD, and TSS values for
treated wastewater of about 99%. The average
values of BOD, COD and TSS concentrations in the
influents in 2009 were 673, 1,238, and 671 mg/L,
respectively, while they were in the effluent 7, 41,
and 12 mg/L, respectively [42]. Additionally, as it
was mentioned previously, the wastewater in
Jordan is currently treated in 23 wastewater
treatment plants and most of them are operated
either with secondary mechanical and biological
treatment, rotating biological contractors with
extended aeration, waste stabilization pond, or
trickling filter. Generally, the untreated wastewater
characteristics in Jordan are BOD 809 ± 221; COD
1555 ± 515; TSS 726 ± 229; and TDS 580 ± 43
mg/L. All wastewater treatment plants discharge
their effluents after treatment and obey the
Jordanian standard number JS 893/ 2006 for treated
domestic wastewater, as already mentioned above.
The BOD and TSS rang 15-300 mg/L, COD 50-500
mg/L, and TDS should be < 2000 mg/L to be used
in agriculture.
Wastewater
Reuse
for Agricultural
Purposes. The increasing scarcity and pollution of
fresh water resources threaten the sustainability of
agricultural activities. In the Middle East Countries,
the reuse of wastewater for irrigation is recently
being considered as a technical solution to alleviate
the pressure on fresh water resources. Legislative
limits help to prevent adverse effects of treated or
untreated wastewater on soil and plants, but there
are still concerns about those impacts. Studies in
the literature reveal that wastewater irrigation result
in soil and crop contamination;some investigations
are conducted in Turkey in order to determine
adverse effects of wastewater irrigation on various
agricultural crops and soil structure. Avci and
Deveci [43] assessed heavy metal concentrations in
soil and plants from cropland irrigated with
wastewater for decades. In the edible portions of
corn and mint, Cadmium (Cd), Chromium (Cr),
Copper (Cu), Nickel (Ni), and Lead (Pb)
concentrations were < 0.01±0.05, 2.0±5.5, 6±47,
0.6±6.7, and 0.2±3.5 mg/kg, respectively. Ni in soil
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before the erection of the WWTP in 2010 (Pb: 9 210, Cr: 9 - 69, Cu: 2 ± 9, Cd: 0.7 ± 5, Zn: 60 - 150,
and Hg: 0.1 ± 17.9; all per μg/L). Pb, Cr, and Cu
were found to have higher background levels in
natural soil material. A regular changing profile of
the pollutants along the Main Drainage Channel
was not found, even so in the distance from the
channel, and in the top soil horizon. This surprizing
finding for soil horizon was explained with the
regular ploughing of soil before sawing that leads
to a convective homogenization of pollutants in the
top soil.
Wheat samples were analyzed for heavy
metals in kernel, scab, and stalk. For the removal of
heavy metals in dust particles on plant surface
caused by vehicle traffic, wheat samples were
washed with distilled water, dried, and ground
before analysis. Blank distilled water analyses were
performed for quality assurance. The highest
concentrations of heavy metals were found in the
kernel. Maximum amounts for Pb, Cr, Cu, Zn, and
Ni in kernel were recorded as 8.45, 1.31, 9.10, 29.3,
and 0.94 mg/kg, respectively. Cd and Hg could not
be found. Heavy metal amounts in soil and wheat
kernel can be seen in Figure 3. 60% of wheat
samples exceeded the threshold value for Pb of 0.20
mg/kg after the Turkish Food Codex for crops.
Chemical partitioning of the metals was
determined so as to understand the geochemical
behaviour, mobility, and bioavailability in the soil.
A six step extraction procedure was applied
according to Zachmann and Block (1994) [48] in
order to sequentially extract metals from soil
samples. Soluble, exchangeable, carbonate bound,
easily reducible, moderately reducible, oxidizable,
and residual bonding forms were determined.
Nearly 10% of Zn in soil samples was in the
exchangeable fraction that can be bio-accumulated
by the plant. Further 51% of Zn was found in the
carbonate fraction. A relatively high Zn
concentration in this fraction occurs most likely as
smithsonite (ZnCO3), which belongs to the calcite
group minerals [49]. High Zn content can be
attributed to the high carbonate content in the soils
of Konya. Most of the rest of Zn was in moderately
reducible form. This fraction also constitutes a
major portion of the other metals.
The highest concentrations of organochlorine
pesticides (OCPs), organophosphorus pesticides
(OPPs), polychlorinated biphenyls (PCBs), and
polycyclic aromatic hydrocarbons (PAHs) in top
soils were 224, 404, 29.7, 77.6 μg/kg, respectively.
Pollution with organic contaminants was attributed
to various anthropogenic activities in the studied
area. Dramatically high levels of OPPs both in corn
samples and soil proved the intended use of these
pesticides (Figure 4).
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FIGURE 2
Cd, Zn and Ni amounts in soil samples from
Konya, Turkey after long term irrigation with
wastewater.

FIGURE 3
Heavy metal amounts in soil and wheat kernel
samples from fields irrigated with wastewater.
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(c) industrial wastewater, (d) olive mill wastewater,
and (e) tap water. These different water qualities
were applied to the soil at the rates of deficit
irrigation (75% field capacity FC , intermediate
irrigation (100% FC), and over irrigation (125%
FC). The dry weight of the plant was impacted
significantly by the irrigation level and increased
for 54% under intermediate irrigation level
compared with the deficient irrigation. The over
irrigation did not further increase the dry weight
significantly. No important indication was
determined about effects on the soil properties.
Therefore, intermediate irrigation is recommended
to increase the yield of sorghum irrigated with
wastewater.
The high salinity of industrial wastewater had
an adverse effect on plant growth. Nitrogen content
in the plant tissue increased to 1.8%, while it was
1% in the treated wastewater. High nitrogen content
is connected with serious problems to the plant.
Therefore, attention should be paid in case of long
term application of wastewater with high salinity.
Applying untreated domestic wastewater to soil
was found to decrease the soil pH from 8.1 to 7.8
compared with soil irrigated with treated
wastewater. Many researchers found that soil pH
decreased with wastewater irrigation due to the
oxidation of organic compounds and nitrification of
ammonium. Furthermore, this pH decline is
connected with an increase of the EC in irrigated
soil, which prevents the extraction of nutrients from
soil and causes stress.
In recent years, studies have been conducted
on the application of super absorbent polymers
(SAP) that contribute to optimized irrigation
measures by enhancing the water holding capacity
of soil under dry conditions and the water
availability for plants. SAP are a special type of
cross-linked polymers of high molecular weight,
mostly synthesized using acrylamide, acrylate, or
acrylic acid [52], and contain high amounts of polar
functional groups enabling them to absorb large
amounts of water and to retain it [53]. Water
absorption of SAP is influenced by morphological
properties like porosity [54], grain size [53], and
environmental conditions such as temperature, pH,
and ionic strength [55].
In a field study on the Campus of Mutah
University in Karak, Jordan the impact of soil
amended with SAP on the irrigation efficiency and
the usage of treated wastewater for irrigation
purposes in sandy soil was investigated. The likely
environmental effects, which may result from the
addition of this polymer to the soil and also the
impact of treated wastewater for irrigation purposes
on plant and soil quality, were studied under
laboratory and field conditions. For this purpose,
several horticultural plants, i. a. eggplants were
cultivated in sandy soil amended with 0, 0.2, and

FIGURE 4
Total amounts of some organic contaminants in
soil and wheat kernel samples.

Egypt is another water scarce country in the
region. Low coverage of wastewater treatment in
Egypt increases the risk of contamination of the
River Nile and has negative impacts on public
health. There are serious concerns about food
security of the population especially because of
sharp decline of the cultivated land [33, 34, 36, 37].
Wastewater treatment and reuse is proposed to be a
solution by reducing pollutant load to the River
Nile and other water bodies, reducing ground water
stress, and partly substituting fertilizers (N, P). The
implementation of large-scale centralized treatment
facilities produces large amounts of wastewater that
cannot be used for irrigation in the surrounding
areas and is often discharged into receiving water
bodies. Absence of quality control and monitoring
facilities for wastewater before and after treatment
is among the constraints of wastewater reuse in
Egypt. Continuous monitoring of the quality of
treated wastewater, selection of suitable irrigation
systems and suitable crops, and improving public
awareness to establish social acceptance for reuse
are perspectives for adoption of appropriate
practices for wastewater reuse in Egypt [50].
For Jordan, as one of the world¶s most water
scarce countries it is crucial to treat wastewater and
to reuse it as an alternative water resource for
irrigation. 62% of fresh water is being used for
agricultural purposes. Government policy is to
increase agricultural usage of treated wastewater to
13% by 2022 in order to save fresh water resources.
For assurance of sufficient water quantity, grey
water reuse appears to be the first option.
A research study was conducted in order to
evaluate the impacts of using different types of
wastewater at different levels of irrigation on the
growth and chemical composition of sorghum plant
and the resulting chemical characteristics of
irrigated soil [51]. Sorghum grain is a basic food in
many parts of Africa and Asia, and is the third
largest cereal crop in the United States. A pot
experiment was conducted in green house by using
(a) untreated wastewater; (b) treated wastewater;
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helminths eggs may be present in raw wastewater.
Heavy metals, OCPs, PCBs, and PAHs are most
important pollutants found in wastewaters. These
pollutants are of persistent characteristics.
Moreover, some organic pollutants can be
transformed to mutagenic and carcinogenic
transformation products through photo-oxidation
and enzyme activities in environmental media.
Therefore, determination in and removal of these
pollutants from wastewaters are of high importance
for human and environmental health.
Emerging pollutants are defined as new
chemicals without regulatory status and having
impact on environment and human health [57].
POPs are emerging pollutants and grouped on the
basis of a common characteristic, i.e. persistence in
the environment longer than that is required for
their intended use. POPs present a special challenge
to developing countries, including the Arab
countries, which typically lack the capacity to
identify and to respond to sources of releases of
POPs to the air, water, and soil [58-61]. They have
also been victims of shipments of toxic chemicals
from industrialized to developing countries. In
addition, other public health considerations, such as
the fight against the anopheles mosquito and tse-tse
fly, make developing countries reluctant to agree to
curtail the use of effective pesticides like DDT.
Chemical use is on the rise in the Arab Region due
to new pattern of production and consumption,
causing serious pollution in some countries.
Intensive farming uses heavy input of chemicals,
which ultimately pollute the food web. For
example, in 1994, the expenses for chemical
pesticides in farms of Jordan Valley reached about
24% of total operating costs. The haphazard use of
such chemicals causes major damage to air quality,
soil, crops, and groundwater, consequently
affecting human health on the long-run [62].
The region reflected its concerns on hazardous
chemicals by hosting the International Conference
on Chemicals Management in Dubai, UAE 2006
[63], during which the strategic approach to
international chemicals management (SAICM) was
adopted. At its 17th Session 2005, the Council of
Arab Ministers Responsible for the Environment
(CAMRE) declared its support to SAICM as an
approach towards the sound management of
chemicals with special emphasis on promoting
6$,&0¶V WKUHH PDLQ FRPSRQHQWV 1DWLRQDO ODZV
regulating chemicals exist in most countries,
however, enforcement need to be tightened.
Furthermore, coordination mechanisms among
different national institutions, preparation of a
national chemical safety profile, and improvement
of public awareness are major actions that need to
be taken for sound management of hazardous
chemicals [62].

0.4% of potassium polyacrylate super absorbent
polymer (SAP, Luquasorb) and irrigated with
different water qualities. Heavy metals as well as
microorganisms were determined in irrigation
water, soil, and plants. The latter were separated
into leaves, stems, roots, and fruits, and analyzed
for heavy metal accumulation. During the
vegetation period, growth parameters and biomass
production of test plants were determined. In
additional pot and laboratory tests, the impact of
SAP on the water availability to plants and on
sorption of heavy metals in soil was studied, as
well.
The highest eggplant growth rate, biomass,
and fruit yields as well as the enhancement of
available water were achieved at 0.2% SAP. The
high soil alkalinity triggered the metal precipitation
at the top soil layer and prevented them from
entering the rhizosphere, and finally the plant
uptake. Total organic carbon (TOC), TN, soil
respiration, and soil pH were not affected by the
SAP amendment. The EC increased with the
increasing SAP concentration due to the polar
functional groups. The total bacterial counts in soil
decreased with increasing concentration of SAP.
Endophytic bacteria were not found in any parts of
the eggplants. The SAP was not degradable by the
local bacterial isolates (K. pneumoniae, C.
diphtheria, and B. subtilis). Finally, it was
concluded that SAP reduced the salt stress on
eggplants, and sufficient SAP concentration for
eggplant cultivation in Jordanian sandy soil was
0.2% SAP mixed into the root zone, regardless to
the irrigation water qualities [56].
Persistent and emerging pollutants in
wastewater and in stockpiles. High quality waters
are used for domestic purposes (i.e., for drinking,
personal care, etc.), whilst the lower quality waters
and wastewaters are dedicated to land irrigation.
The reuse of treated wastewater must be considered
along with its environmental, economic, and social
impacts. Pollution of these secondary water
resources with classical and emerging pollutants are
hardly considered so far. Pollutants of domestic and
industrial origins as well as pesticide residues from
agricultural application besides the precipitation of
airborne pollutants and surface run-off may degrade
the quality of fresh water used for irrigation.
Wastewater contains various organic and
inorganic substances. They include humic
substances, nutrient elements (i.e. nitrogen,
phosphorus and potassium), oil and grease,
surfactants, and further natural and synthetic
organic compounds of various chemical classes.
Wastewater also contains a variety of inorganic
compounds including a number of hazardous and
toxic elements such as As, Cd, Cr, Cu, Pb, Hg, Zn,
etc. Pathogenic viruses, bacteria, protozoa, and
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control on these stores and the war has contributed
significantly to the occurrences of all types of
pollutants.
Golf Commission Countries (GCC) rank in the
top 10 of world waste producers with 120 million
tons of waste generated per year. It is estimated that
about 79% of hazardous wastes are generated by
the chemical industry, followed by about 7% from
oil refining, 2% from metal industry, and 12% from
other industries. The total waste generated by these
industries is estimated to 591,000 tons/yr [66]. The
UAE and Saudi Arabia produce the most wastes. It
is estimated that 55% of these wastes come from
construction and demolition, 20% are municipal,
18% industrial, and 7% hazardous wastes. Pollution
and escalating costs of hazardous waste
management are some of the serious concerns faced
by the waste management industry today. In Saudi
Arabia, the hazardous medical waste is estimated to
50,500 tons/year [67], but the information about the
POPs chemicals stockpiles in Saudi Arabia are not
available and no official inventory has been
published yet.
Jordan has banned the production, import, and
usage of DDT in 1995 according to the Rotterdam
Convention (PIC). Malaria control program had
been setup in Jordan 1959, with the aim of
eradicating the disease from the country. It
succeeded in achieving its objective in 1970. The
program depended on the use of DDT during the
period from 1959-1970. It was sprayed twice a year
indoors in the wetland areas of Jordan, once in
March/April
and
the
second
time
in
September/October. The last recorded usage of
DDT in Jordan was in 1991, before the issuance of
a resolution prohibited its use for Malaria control in
the year 1995. The stockpiles of DDT stored at the
Ministry of Health/Malaria Division are (DDT
75%: 9,130 kg and DDT 100%: 13,015 kg). The
annual generated hazardous wastes in Jordan were
medical waste of 3,285 tons/yr, hazardous
industrial waste of 15,000 tons/yr, and agricultural
waste 1.56 million tons/yr (country report 2010).
Most of hazardous waste in Jordan is stored at the
production site or dumped with domestic solid
waste in landfills that were not designed to contain
hazardous waste. Furthermore, there is a lack of
data regarding quantities and types of hazardous
wastes.
In Syria, reported incidents of chemical
poisoning due to direct/indirect exposure to
chemicals and insecticides were 873 cases in 2004
[61]. Many of the Arab countries are still lacking of
scientific knowledge and economic feasibility to
recycle wastewater. These countries discharge
wastewater after treatment into the surface waters
(rivers, sea, and lakes) causing a serious threat to
the receiving environment [15, 58-60,68-70].

Many Arab countries do not control releases
of POPs or failed to implement existing legislation.
These problems are often compounded by lack of
treatment, unsafe transport, concentration in urban
areas, and inadequate management. Even though
legal standards are occasionally imposed, that
might result in dioxin-free stack gases from
incinerators, however, dioxins remain in the ash,
which is often land filled such that the dioxins
merely reach the environment by another route.
The POPs related problems are worsened by
the lack of inventory of the following:
x POPs releases and risk assessment,
x PCBs containing equipment, metal or plastic
empty drums, tins,
x Potential sources of dioxins and furans, and
x Unwanted POPs, pesticides stock piles as
well as the lack of information and training
on internationally approved technologies for
POPs disposal.
African countries including Egypt and Sudan
are using POPs pesticides since more than 50 years
for combating agricultural pests and controlling
disease vectors, especially malaria. The way of
pesticides use in Africa caused serious
environmental and health problems much more
than elsewhere. These problems are represented by
accumulation of organochlorinated pesticide
residues in different environmental samples and
hosting of at least 50,000 tons of obsolete pesticides
as well as ten thousands of tons of contaminated
soil. Within the framework of the Africa Stockpiles
Program (ASP), huge quantities of POPs pesticides
have been completely or partially destroyed in a
number of African countries, e.g., in Egypt,
Namibia, Niger, and Senegal [64]. Egypt generates
an estimated amount of 18 million tons/yr of
municipal solid waste (MSW) that contain 2.5%
hazardous wastes (approximately 500,000 tons),
and 6.2 million tons of industrial wastes, of which 1
- 1.5 million tons are hazardous. The healthcare
waste was estimated of 150,000 tons and 50,000
tons of them were hazardous. The main agricultural
hazardous waste generated in Egypt is from
pesticides (1,182 tons from accumulation), which
contain POPs pesticides [65].
According to an inventory in Syria 2005, it
was estimated that about 600 tons of obsolete
pesticides and related wastes, including 200 tons of
Lindane and 0.6 ton of DDT, were accumulated
over a period of 50 years. Such wastes are kept in
89 stores distributed over different provinces. A
recent PCBs inventory in Syria revealed that about
1,328 tons of dielectric oils containing PCBs are
present in electrical transformers. In general, it is
estimated that the total hazardous wastes produced
in Syria is about 43,000 tons/yr [61]. At present,
due to the Syrian war and political conflicts in the
region, the governing regime in Syria might lost the
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removal efficiencies were rather low compared
with the other WWTPs under study.
Another comprehensive study was conducted
in Jordan within same EXCEED project to
investigate the persistent organic pollutants and
pharmaceutical residues in selected water dams
[72]. This study aimed to determine some residues
of pharmaceuticals, PAHs, pesticides, and
chlorinated benzenes, PCBs, phenols and
chlorinated phenols in sediments and water samples
collected from three dams in Jordan, namely King
Talal Dam (KTD), Mujeb Dam (MD), and Tannour
Dam (TD). It was found that the discharge of the
treated wastewater effluents had clear impacts on
surface water quality of the selected water bodies.
The highest residue levels of pharmaceuticals and
organic compounds were found at King Talal Dam,
which is receiving mainly wastewater from AsSamara wastewater treatment plant, compared with
their concentrations at Mujeb and Tannour Dams.
CBZ, NAP, SMX and ERY were detected in water
samples collected from KTD. The average
concentrations of carbamazepine were 3.6 and 7.5
μg/L for summer and winter monitoring periods,
respectively, while SMX and ERY concentrations
varied over 50-366 ng/L and 3-3,240 ng/L for
summer and winter sampling periods. NAP
concentrations ranged at 112-180 ng/L in the
summer and 210-490 ng/L in the winter season.
7KH WRWDO 3$+V FRQFHQWUDWLRQV گ3$+V  LQ ZDWHU
samples for summer season at KTD ranged from
0.29 to 1.79 μg/L with an average of 0.29 μg/L, and
in sediments from 0.59 to 74.1 μg/kg with an
average of 26.3 μg/kg, while higher concentrations
were found at the same investigated site in winter
season which ranged from 15.5 to 179 μg/L with an
average value of 55.2 μg/L and from 115 to 1,525
μg/kg with an average value of 861 μg/kg for water
and sediments, respectively. Similar trends were
REVHUYHG IRU گ3$+V IRU VDPSOHV FROOHFWHG IURP
Mujeb and Tannour dams. The total pesticide
concentrations in water among all investigated sites
ranged from 0.80 to 1.36 μg/L and from 0.02 to
1.67 μg/L for samples collected during summer and
winter seasons, respectively,
while total
FRQFHQWUDWLRQ RI 3&%V گ3&%V  LQ VXPPHU SHULRG
ranged from 0.21 to 7.34 μg/L and 0.22 to 0.74
μg/L for winter season. Phenols and chlorinated
phenols concentrations ranged from 25. to 71.8
μg/L for summer and 6.11 to 19.9 μg/L for winter
monitoring periods. Finally, the concentration
levels of some of these compounds exceeded
frequently
the
permissible
national
and
international standards such as Jordanian standards,
WHO, and US Environmental Protection Agency
(USEPA) in the analyzed samples.
Fandi et al. [73] found that water discharge
from King Talal Dam was highly polluted with
organic compounds and microbes. Phenolic

For example, residues of PAHs, PCBs,
chlorinated benzenes (CBs), and phenols were
investigated in soil, wastewater, groundwater, and
plants in Jordan. Environmentally relevant
concentrations of targeted compounds were
detected for wastewater much higher than for
groundwater. The overall distribution profiles of
PAHs and PCBs appeared similar for groundwater
and wastewater indicating common potential
pollution sources. Furthermore, it was found that
different plants have different uptake and
translocation behaviour. As a consequence, there
are some difficulties in evaluating the translocation
of PAHs, CBs, PCBs, and phenols in the soil±rootplant system. The uptake concentrations of various
compounds from soil, in which plants were grown,
were dependent on plant variety and plant part, and
they showed different bioaccumulation rates.
Among the different plant parts, roots were found
to be the most and fruits the least contaminated
ones [60].
A recent study was carried out in collaboration
between Jordanian and German scientists in the
frame of the EXCEED Project (Excellence Center
for Development Cooperation ± Sustainable Water
Management
in
Developing
Countries)
investigating the concentration of POPs and
pharmaceutical residues in some Jordanian
wastewater treatment plants [71]. The aim of this
study was to evaluate the occurrence of a
representative set of eight pharmaceuticals from
different therapeutic categories in wastewater
samples collected from six WWTPs located in
southern, central, and northern parts of Jordan.
These were the anti-epileptic compound
Carbamazepine
(CBZ),
2
antibiotics
Sulfamethoxazole (SMX) and Erythromycin
(ERY), and 5 non-steroidal anti-inflammatory
drugs Ibuprofen (IBU), Naproxen (NAP),
Diclofenac (DIC), Ketorolac (KET) and Ketoprofen
(KTP) in influent and effluent of WWTPs. Water
samples were taken in Jordan, enriched on SPE,
and analyzed at the Braunschweig University in
Germany. The main outcomes and conclusions
drawn were following. The maximum average
concentrations found for Ibuprofen were 5.7 μg/L
in influent and 2.2 μg/L in effluent samples of
WWTPs. The other drugs ranged from 0.7 - 4.7
μg/L in influents and 0.4 - 2.2 μg/L in effluents,
respectively. Ketorolac and Ketoprofen were not
detectable. The relatively high concentrations of the
studied pharmaceuticals in WWTP influents and
effluents create a challenging environmental
problem in Jordan due to the reuse of WWTP
effluents for irrigation measures in the agriculture
for saving scarce fresh water resources.
Performance of some WWTPs was found to be
insufficient for the removal of micro-pollutants, in
particular at Al-Karak and Irbid, of which the

1295

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



and technical requirements would need to be taken
into consideration [62].
Despite of some initiatives of POPs
destruction and decontamination of POPs
containing wastes, the permanent storage of
hundreds of tons of unwanted POPs awaiting
proper final disposal, though not entirely
appropriate, seems to be the most common way of
managing POPs waste in most of Arab countries.
Feasibility studies and consultations regarding the
destruction of POPs containing wastes in cement
kiln are undertaken by some Arab countries. Other
POPs destruction, treatment, and/or disposal
technologies such as chemical dechlorination,
plasma arc treatment, thermal desorption, or the use
of mobile destruction units have not yet been
seriously envisaged and investigated so far. The
land filling option is generally discouraged.
One of the major problems with the
management of chemicals in many countries of the
Middle East is the lack of readily available
information on their hazardous properties. Other
deficiencies include the absence of unified lists of
POPs used, uncoordinated permitting activities,
weak control and follow-up of evidence of noncompliance, lack of co-ordination among
stakeholders, and lack of information and data on
contamination of POPs chemicals in soils, ground
water, and surface water.

compounds were the most frequently detected ones,
followed by cyclohexane and benzene that were
found also to be present in all sampling sites. For
biological contamination, all analyzed samples
showed contaminated status ranging between 1,100
and 2,100,000 CFU/100 mL (fecal coliform) from
water and sewage samples, respectively.
Additionally, biodegradation of pharmaceutical
compounds and their occurrence in the Jordan
Valley was investigated by Tiehm et al. [74]. They
found that biodegradation rate for pharmaceutical
residues such as ibuprofen, diclofenac, and
bezafibrate was faster in treated wastewater as
compared with raw wastewater. The antiepileptic
carbamazepine showed no degradation in batch
tests and only moderate removal during soil
passage, probably due to sorption. Furthermore,
Shatnawi and Fayyad [75] investigated the effect of
Khirbet As-Samra treated effluent from King Talal
Dam on the quality of irrigation water in the
Central Jordan Valley. They found high bacterial
counts and nutrients that promote algal growth.
Recently and after remediation of As-Samra
WWTP, it is expected to improve the water quality
that drains to Jordan Valley. Further investigation
on pharmaceuticals and POPs had been
recommended.
Anthropogenic activities surrounding Ziqlab
Dam in the northern Jordan Valley was investigated
by Abu-Rukah and Ghrefat [76]. They found that
the source of pollution to the dam water was due to
various development activities in the catchments
area, waste disposal (especially the untreated
municipal and domestic sewage) into the Ziqlab
River, and agricultural activities. In Jordan too,
Jiries et al. [77] investigated the wastewater quality
of the septic tanks disposal site of the Karak
province. They found that there is an impact of the
disposal site on Al-Mujeb Dam as it is located
along the watershed of the dam. Alawi et al. [78]
investigated the occurrence of some POPs such as
chlorinated pesticides (p,p -DDE and p,p -DDT) in
mothers milk, and relevant concentrations were
reported.
Regardless of a country's decision to ban or
severely restrict the use of some or all persistent
organic pollutants, there is hardly any country not
facing the problem of disposal of some remaining
stocks. The situation is worse for the Arab countries
because the strict requirements for proper disposal
of these chemicals, for example, through
incineration at high temperatures, create an
enormous burden both economically and
technologically. There are very few adequate
incinerators in the world, and almost all of these are
located in developed countries. To date, sustainable
local and regional technical solutions have not been
put in place, trans-boundary transportation of
hazardous waste is required, and associated legal

Cost-effective technologies for the removal
of persistent and emerging pollutants from
wastewater. The reclamation and reuse of
wastewater have been proposed in the Middle East
Countries in order to improve the water availability
and quality. Treated and untreated wastewater can
be reused in Mediterranean countries and other arid
and semi-arid regions for irrigation of agricultural
land. Wastewater is one of the best available
alternative sources for these countries because of
natural water resources are limited. The quality
standards for reuse of water focus on conventional
parameters, non-conventional parameters, and
emerging pollutants. Quality requirement of
wastewater differs when it is discharged to a water
body or used for irrigation. In case of discharge,
nutrients removal is necessary to avoid excessive
algal growth resulting in eutrophication in the
receiving water bodies. In case of irrigation,
nutrient in wastewater is essential for better growth
of plant and generally resulting in less need for
fertilizers. In this case, limited removal of nutrients
is enough in conventional treatment plants.
Chemical contaminants and salt ingredient of
wastewater are the limiting parameter for irrigation
purpose.
The emerging pollutants are present in water
at μg-ng/L levels and these compounds may pose
long-term health impacts and environmental
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zeolites [122]. In the literature, cost-effective
hybrid adsorbents [123] and fly ashes [124] have
been also used as adsorbents to remove PCBs from
wastewater.
There is some information in the literature
about the conduction of these treatment processes
for the purpose of wastewater reuse in arid and
semi-arid regions. In Italy, sand filter, advanced
oxidation by ozone, activated carbon, and reverse
osmosis were used for treating wastewater. It was
stated that treated wastewater can be used instead
of well water [125]. In Saudi Arabia, activated
carbon and reverse osmosis were used in order to
remove pollutants from wastewater. Freshwater
demand was reduced by 70% after using treated
wastewater for irrigation. Advanced treatment
methods such as Fenton process, coagulation, and
ion exchange were used for the treatment of Bursa
organized industrial wastewaters in Turkey. In the
study, the authors stated that treated wastewater can
be reused for meeting the water demand [126].
Üstün et al. [127] investigated the performance of
tertiary treatment system including coagulationflocculation-disinfection for irrigation reuse of
secondary urban effluents in Turkey. The results
suggested that tertiary treated wastewater can be
used for irrigation. Reuse of wastewater was
investigated in Thailand as well. For the removal of
organic pollutants such as trihalomethanes as well
as total and dissolved organic carbon from
wastewater,
coagulation,
flocculation,
sedimentation, and filtration processes were applied
[128]. For this purpose, biological and membrane
systems were used in Taiwan [129], and electro
coagulation, activated carbon, ozone, and
electrochemical methods were used in Mexico
[130]. Since 2005, secondary treated wastewater
has been recycled and currently 20% of total treated
wastewater is reused for irrigation in Iran [131].
All these advanced treatment methods for
polluted wastewater of domestic and industrial
origins (e.g. textile wastewater) are still at
experimental stage, partly investigated in laboratory
experiments with artificial wastewaters, and not
introduced into practice so far. Their introduction
into WWTP designs will certainly enhance the
effluent quality of treated wastewater to be reused
for irrigation in agriculture in order to save fresh
water resources.
In order to remove organic pollutants from
wastewaters, low-cost technologies like constructed
wetlands are used in recent years. Different types of
constructed wetland treatment systems can be used
for secondary treatment or tertiary treatment of
wastewaters [132]. Results of the studies have
indicated that some organic pollutants found in
wastewater, such as pharmaceutical [133-136],
personal care products and herbicides [134, 135],
linear alkylbenzene sulfonate (LAS) and

problems [79]. Removal processes of persistent
organic and emerging pollutants such as PCBs,
PAHs, Pharmaceuticals and Personal Care Products
(PPCPs), and pesticides from water continue to be
an active field of research in recent years. For the
removal of organic pollutants from water, several
treatment methods such as coagulation and
flocculation [80], filtration [81], advanced
oxidation processes [82, 83], adsorption [84],
biodegradation [85], and membrane process [86]
are developed. However, these methods have
relatively high operational costs. Among the
currently available techniques for wastewater
treatment and reuse, adsorption is one of the most
effective physical processes for the removal of
persistent organic pollutants from water. The
adsorption process is simple, easy and economical
to operate, and efficient for the removal of organic
and inorganic pollutants. Activated carbon is the
most widely used sorbent for the adsorption of
organic and inorganic pollutants from water.
However, the important disadvantage of activated
carbon is its high price and relatively high
operation costs [87, 88]. Therefore, considerable
attention has been devoted to study different types
of low cost and local materials for the adsorption of
pollutants from water.
For the adsorption of pesticides from water,
cheaper and more economical alternative
adsorbents have been considered or developed,
such as neutralized red mud [84], cactus pear
(Opuntia ficus-indica) [81], activated carbon
produced from bamboo and coconut shell [89], oil
shale ash [90], acid treated date stones [87], date
and olive stones [91], chestnut shell [92], water
melon peels [93], wood charcoal [94], fly ash [95,
96], rice husk [97, 98], iron-coated rice husks and
iron-treated sugarcane bagasse [99, 100] for As(V)
removal, surfactant-modified coir pith [101], agroindustrial wastes [102], tamarind fruit shell [103],
peel of the Cucumis sativa fruit [104], straw [105],
adsorbents derived from agricultural and industrial
wastes [106], and clay minerals [107, 108].
Calix[n]arene based polymer materials were
successfully applied for the removal of carcinogenic azo dyes and aromatic amines from aqueous
solutions [109, 110]. Also, aminopropyl silicagel
immobilized calix[6]arenes proved to be promising
candidates [111]. In these studies, sorption
capacities of adsorbent materials were usually
determined using model compounds.
Adsorption of PAHs was carried out using
various adsorbents such as bone charcoal, peat
moss, pyrolysis residue, activated rice husk [112],
silica gel [113], low-cost activated carbon derived
from agricultural wastes [114], boehmite nano
powder [115], cork waste [116], wood fiber [117],
wood ash [118], waste ashes [119], leonardite
[120], organoclay materials [121], and organo-
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untreated or insufficiently treated wastewater
causes soil deterioration and pollution of
agricultural products. Neglecting microbial quality
of wastewater arise serious risks. Use of untreated
wastewater for edible crops threats human health.
The main challenge is the lack of data to better
understand the dimension of the risk. Besides,
excessive use of wastewater may result in the
pollution of underground or surface water bodies.
Availability of land area, in the means of proximity
to water sources should be considered. For proper
management of wastewater irrigation, improved
policies, acceptable quality of the water, selection
of the best irrigation method and equipment, proper
drainage, periodic monitoring of soil and
agricultural product, and negotiations with farmers
are necessary in order to ensure human health, and
safe and sustainable use of wastewater for
irrigation. Israel is the leading country in the region
for reuse of wastewater in the agriculture (70%).
The success of Israel in this sector is an important
model, and can be benchmarked by means of
maximization of wastewater collection through
upgrading the existing wastewater collection
systems, remediation or upgrading the existing
wastewater treatment plants, construction of new
treatment plants, establishment of proper standards
for influent and effluent wastewater quality, and
education of the farmers. It is essential to consider
social, environmental, technical, and economic
dimensions in the decision making process for
wastewater reuse.

sulfophenyl carboxylate (SPC) biointermediates
[137], pesticides [138, 139] have been successfully
removed using constructed wetland. When
compared with conventional treatment plant,
removal rates of organic pollutants with constructed
wetland were similar or better [135]. Constructed
wetland can be used as cheaper and low-cost
alternative technology for removal of persistent and
emerging pollutants from wastewater in Middle
East Countries.

DISCUSSION AND CONCLUSION
Water shortage in Middle East Countries has
led to the reuse of municipal wastewater for
irrigation purposes. In developing countries,
agriculture is by far the biggest consumer of water
and, as water stress increases, the need for the use
of non-conventional treated wastewater appears as
the most useful solution technic. It is prospected
that increasing water stress in the Middle East
Region will cause higher need for wastewater
irrigation. Farmers in urban areas depend on
wastewater or wastewater receiving water bodies to
irrigate their crops, generally as they do not have
other alternative water sources. For rural areas,
irrigation is the only practical option for wastewater
management.
There are important technical developments
for wastewater treatment applications to meet
improved legal regulations in Middle East Region.
Achievement of better quality for treated
wastewater is a key factor for sustainable use of this
source. At this point, source control of pollutants is
necessary to protect water bodies.
Middle East Countries have their own water
reuse regulations. There is a more strict restriction
for reuse of treated wastewater for edible foods.
Regulations include conventional water parameters,
such as pH, BOD, turbidity, fecal coliform and
residual chlorine. Wastewater reuse has numerous
benefits, such as utilizing nutrients that reduce the
need for using chemical fertilizers, and reducing the
need for fresh water sources. However, there is
generally a social defence of people, who do not
want to consume food irrigated with wastewater,
even it was treated. So as not to face an objection,
farmers generally do not state that they use
wastewater for irrigation. Nutrient ingredients of
wastewater also encourage them for prolonged use.
In most of the Middle East Countries, this practice
is not being controlled properly and has serious
challenges, such as uncontrolled industrial
discharges to sewer system, insufficient water
quality monitoring, and lack of awareness for
environmental protection. Untreated industrial
discharges to sewer system increase pollutant load
of municipal wastewater. Long term application of
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PRODUCTION OF POLY-E
E-HYDROXYBUTYRIC ACID BY
RHIZOBIUM SP.
Merih Kivanc, Nilufer Dombayci
Anadolu University, Faculty of Science, Department of Biology, Eskisehir, Turkey

produce PHB in the presence of excess carbon
when oxygen, or nitrogen, or phosphorus becomes
a limiting factor [2, 3]. A number of Rhizobium,
Sinorhizobium, Bradyrhizobium and Azorhizobium
species is found to produce and store PHB, both in
free living [4] and symbiotic states [5, 6]. The
biosynthesis of PHB by rhizobia under certain
conditions depends on both the genetic
characteristics and culture conditions of the strain
[7, 8]. Fast growing rhizobia are can synthesize a
variety of polymers as bacteroids or free-living
cells [9].
Storage of energy is probably the main
function of PHB in microbial cells. It was shown
that the PHB content in bacteroids is negligible
precisely during active nitrogen fixation and
respiration when their requirements for energy and
reducing equivalents are particularly high.
Bonartseva et al. [10], with pure cultures of R.
vigna, R. japonicum, R. phaseoli and R. meliloti ,
demonstrated the dependence of PHB content upon
nitrogenase and hydrogenase activity. A strict
inverse correlation was revealed between
nitrogenase activity and the PHB content during
anerobic growth in the presence of nitrates. This
dependence apparently was due to the PHB
expenditure on nitrogen fixation under such
conditions.
The present work was undertaken to
investigate the synthesis of PHB under different
carbon and nitrogen sources in rhizobia strains.

ABSTRACT
The plastic materials produced from
petroleum based chemicals cause serious
environmental waste problems all over the world
when they are discarded after use. As an answer for
this environmental anxiety, the usage of
biodegradable plastic materials should be preferred.
Poly-E-hydroxybutyric acid (PHB) is one of the
biodegradable polymeric materials and has many
characteristics of traditional plastics.
In this study, the PHB production ability of
Rhizobium bacteria was investigated. The bacteria
were isolated from nodule of leguminous roots. The
yield percentages of PHB produced by 27 strains of
the Rhizobium bacteria were between 4.40%27.80%. The yields were determined for five
strains grown under different carbon and nitrogen
sources and varied from 10.00% to 27.80% for
carbon sources and from 10.00% to 17.70% for
nitrogen sources. The strains R15 and R17 gave the
highest yield in the production of PHB. With
different shaking velocities, the yield percentages
obtained were varied from 21.60 to 28.70.

KEYWORDS:
Poly-E-hydroxybutyric acid, Rhizobium, Accumulation,
Biopolymers, nitrogen source, carbon source

INTRODUCTION
MATERIALS AND METHODS
Today traditional plastics materials which are
produced from petroleum based chemicals cause
serious environmental problems when they left after
using as waste all over the world. As an answer for
this environmental anxiety and lessen the problem,
the usage of biodegradable materials should be
preferred. Poly-E-hydroxybutyric acid (PHB) is one
of the biodegradable poly-ester materials
accumulated by many microorganisms as an
intracellular storage material of carbon and energy
under unfavourable growth conditions. Interestingly
it has many characteristics of traditional plastics [1]
and has recently attracted industrial sectors because
of its potential use as practical biodegradable and
biocompatible thermoplastics. Some bacteria

Bacterial strains and culture media. The
strains of Rhizobium used in this study were
isolated and identified from roots of different
leguminous plants collected in Turkey (Table1).
Rhizobia were isolated using yeast extract mannitol
(YEM) medium and were maintained in glycerol at
-80°C.
Fermentations were carried out in a 100 ml of
culture medium in 250 ml Erlenmayer flasks with
agitation at 100 rpm at 300C.
To screen PHB production ability and for
other experiments, the isolates were grown in a
100ml of yeast extract mannitol medium in 250ml
Erlenmeyer flasks [11]. Pre-cultures and cultures
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optical density at 640 nm in a spectrophotometer.

TABLE 1
Rhizobium strains, their hosts and their place of collection.
Strain
R1, R2
R3, R4, R5, R6, R7, R8, R9
R10, R11, R12, R13
R14
R15, R16
R17, R18
R19
R20
R21
R22
R23
R24
R25
R26, R27

Plant
Phaseolus vulgaris L.
Phaseolus vulgaris L.
Phaseolus vulgaris L.
Phaseolus vulgaris L.
Phaseolus vulgaris L.
Phaseolus vulgaris L.
Phaseolus vulgaris L.
Phaseolus vulgaris L.
Phaseolus vulgaris L.
Phaseolus vulgaris L.
Medicago sativa L.
Vigna anguiculata L.
Phaseolus sp.
Lens culinaris

Source
Eskisehir
Eskisehir
Eskisehir
Eskisehir
Eskisehir
Eskisehir
Eskisehir
Eskisehir
Eskisehir
Çukurhisar (Esk.)
Eskisehir
Manisa
Eskisehir
Eskisehir

The effect of different carbon and nitrogen
sources on the production of PHB. Glucose,
sucrose, arabinose, fructose, sodium acetate,
sodium succinate, and sodium fumarate were used
as carbon sources and potassium nitrate,
ammonium sulphate, glutamin, glysine, asparagine
and urea were the nitrogen sources. Carbon sources
were added (1%w/v) to the medium by replacing
the mannitol in the original YEM. Similarly,
nitrogen sources were added (1%w/v) to the
medium as nitrogen source by replacing the
peptone and tryptone from the YEM [10].

Method followed for the estimation of PHB.
Rhizobium cultures inoculated in yeast extract
mannitol (YEM) medium were incubated at 30oC
for 72 h on a shaker (150 rpm). Then the bacterial
cells were centrifuged at 6000 rpm for 30 min. and
pellets obtained were dried at 50°C for 24 h. The
dry weight of the pellets was determined. After that
the pellets were suspended in 5 ml of sterile water
and homogenized, using ultrasonic treatment
(3min). To a 2 ml of the cell suspension, 2ml of 2N
HCl was added in a test tube and were heated at
100oC for 2 h in a water bath; then the tubes were
centrifuged at 6000 x g for 20 min. They were
precipitated by addition of 5 ml chloroform. The
test tubes were left overnight at 30oC on a shaker at
150 rpm. Then the test tubes were centrifuged at
6000 x g for 30 min. To the dried chloroform
extract (0.1 ml) 5ml of sulphuric acid was added.
They were heated at 100oC in a water bath for 10
min. PHB crystals were converted into crotonic
acid. The absorbance of the solution was measured
at 235 nm in a UV spectrophotometer against a
sulphuric acid blank. The amount of PHB per gram
dry weight of bacterial cells was determined using a
standard curve of PHB [11, 12]. All experiments
were repeated three or sometimes four times, the
average values are given in the tables.

RESULTS AND DISCUSSION
Twenty seven Rhizobium strains obtained
from the roots of leguminous plants were employed
in this study. Table 2 shows the amounts of dry cell
weight and the yields of PHB produced by the
Rhizobium strains. The biomasses of the strains
were different. The yields of PHB accumulated in
the cells according to their dry weight were also
different. The high PHB production percentages
were 21.90% for R1, 22.72% for R4, 27.80% for
R15, 26.80 % for R17 and 21.60% for R22.

1307

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



TABLE 2
PHB production by Rhizobium species.
Strain
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27

Cell dry weight (g/l)
1.05±0.04
0.65±0.19
0.85±0.02
1.10±0.05
2.10±0.18
1.05±0.05
1.25±0.06
0.95±0.04
0.65±0.20
1.20±0.02
1.10±0.10
2.15±0.80
0.85±0.25
0.90±0.08
1.15±0.05
1.20±0.03
2.95±0.10
1.85±0.15
1.10±0.25
1.40±0.04
1.00±0.02
1.25±0.05
2.20±0.10
2.20±0.15
0.90±0.05
1.30±0.02
1.65±0.70

PHB ( g/l )
0.23±0.02
0.07±0.01
0.11±0.04
0.25±0.02
0.14±0.06
0.20±0.00
0.14±0.06
0.15±0.03
0.09±0.01
0.19±0.01
0.05±0.05
0.14±0.08
0.05±0.02
0.04±0.01
0.32±0.02
0.21±0.00
0.79±0.03
0.22±0.05
0.20±0.06
0.24±0.05
0.15±0.07
0.27±0.02
0.13±0.02
0.10±0.01
0.13±0.03
0.17±0.01
0.17±0.03

Yield of PHB(%)
21.90
10.77
12.94
22.72
6.70
19.04
11.20
15.79
13.80
15.80
4.55
6.50
5.88
4.44
27.80
17.50
26.80
11.89
18.18
17.14
15.00
21.60
5.90
4.50
14.44
13.08
10.30

sources. PHB production by R15, R17 and R22
strains was favoured by mannitol. When mannitol
was used as the sole carbon source, the PHB
content in dried cell was as high as 27.8% by R15
strain. The PHB productions by R1 and R4 strains
were higher in the presence of fructose.
In earlier experiments performed by Yushkova
et al., maximal PHB accumulation was observed in
Rhizobium lupini after growth with mannitol and
glutamate, similar to our observation [10].
Maximum PHB accumulation was obtained in
Rhizobium ciceri after growth with mannitol [10].
Tavernier et al. [7] investigated the effect of
different nitrogen and carbon sources on PHB
production in two strains of R. meliloti. They
reported that these two strains showed decrease in
PHB content in the medium with fructose, the PHB
yield was 85%.

A large number of the Rhizobium strains were
reported to produce PHB. Tombolini and Nuti [4]
have reported the production of PHB by Rhizobium
meliloti and found that poly-ß- hydroxybutyrate
accumulated up to 55% of cell weight. At 30-50%
air saturation, R. meliloti accumulated 50% of its
biomass as PHB after 90h of batch fermentation.
According to Mercan et al [11] the amount of this
polymer in rhizobia ranges from 1.38 to 40% of dry
cell weight.
Based on the present data, the isolates R1, R4,
R15, R17 and R22 were chosen for further studies.
PHB accumulations by these selected strains after
cultivation with different carbon sources are shown
in Table 3. The cell growth in sucrose was always
greater than that in mannitol, glucose and sodium
acetate for strains R1 and R4. Growth of R15, R17
and R22 strains in the presence of sodium succinate
was greater than in the presence of other carbon
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TABLE 3
PHB production by Rhizobium strains in different carbon sources.
Cell dry weight (g/l)

PHB ( g/lt )

Yield of PHB(%)

Rhizobium R1
Mannitol
Sucrose
Glucose
Arabinose
Na succinate
Na acetate
Na fumarate
Fructose

1,05 ± 0.05
4,10 ± 0.40
0,65 ± 0.15
1,70 ± 0.05
2,25 ± 0.20
1,40 ± 0.04
2,90 ± 0.90
2,40 ± 0.08

0,23 ± 0.01
0,52 ± 0.02
0,11 ± 0.01
0,40 ± 0.01
0,23 ± 0.03
0,15 ± 0.02
0,37 ± 0.01
0,60 ± 0.01

21,90
12,70
16,90
23,50
10,20
10,70
12,80
25,00

Rhizobium R4
Mannitol
Sucrose
Glucose
Arabinose
Na succinate
Na acetate
Na fumarate
Fructose

1,10 ± 0.04
2,75 ± 0.15
1,50 ± 0.05
2,15 ± 0.10
2,35 ± 0.24
1,05 ± 0.12
1,65 ± 0.10
1,80 ± 0.05

0,25 ± 0.01
0,43 ± 0.03
0,21 ± 0.02
0,46 ± 0.02
0,24 ± 0.04
0,12 ± 0.00
0,24 ± 0.01
0,40 ± 0.02

22,70
15,60
14,00
21,40
10,20
11,40
14,50
22,20

Rhizobium R15
Mannitol
Sucrose
Glucose
Arabinose
Na succinate
Na acetate
Na fumarate
Fructose

1,15 ±0.15
2,20 ±0.20
1,70 ±0.05
1,10 ±0.10
2,90 ±0.25
0,25 ±0.05
2,05 ±0.15
1,10 ±0.40

0,32 ± 0.02
0,37 ± 0.03
0,23 ± 0.01
0,20 ± 0.01
0,35 ± 0.04
0,04 ± 0.02
0,32 ± 0.02
0,21 ± 0.01

27,80
16,80
13,50
18,10
12,10
10,00
15,60
19,00

2,95 ± 0.10
2,25 ± 0.25
1,15 ± 0.10
1,75 ± 0.25
2,95 ± 0.05
1,20 ± 0.30
1,55 ± 0.11
1,95 ± 0.44

0,79 ± 0.01
0,39 ± 0.02
0,17 ± 0.02
0,18 ± 0.01
0,33 ± 0.03
0,14 ± 0.02
0,20 ± 0.02
0,29 ± 0.01

26,80
17,30
14,70
10,20
10,50
11,60
12,90
14,90

1,25 ± 0.11
1,40 ± 0.18
1,90 ± 0.05
1,05 ± 0.15
2,80 ± 0.20
0,90 ± 0.10
1,15 ± 0.15
3,30 ± 0.70

0,27 ± 0.02
0,30 ± 0.01
0,33 ± 0.03
0,22 ± 0.02
0,37 ± 0.01
0,09 ± 0.02
0,16 ± 0.02
0,54 ± 0.01

21,60
21,40
17,30
20,90
13,20
10,00
13,90
16,40

Rhizobium R17
Mannitol
Sucrose
Glucose
Arabinose
Na succinate
Na acetate
Na fumarate
Fructose
Rhizobium R22
Mannitol
Sucrose
Glucose
Arabinose
Na succinate
Na acetate
Na fumarate
Fructose

the presence of propionate or valerate and with
glucose, sucrose or succinate as main carbon source
[4]. Mercan et al. [11] investigated the effect of
carbon sources on the PHB production by
Rhizobium spp. 2426 strain. They also reported that

When glucose was used as carbon source, only
homopolymer of ß-hydroxybutyrate was produced
[13]. Different concentrations of both copolymer
and hydroxyvalerate were obtained when the
microorganisms were grown, in batch culture, in
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Rhizobium strains. The assimilation of ammonium
nitrate by R. meliloti has been reported previously
[8], indicating that both cell growth and polymer
productions were low in the medium with
ammonium nitrate. Manchak and William [15]
mentioned that the accumulation of PHB in
Azotobacter vinelandii UWD was related to the
enzyme activities of 3-ketothiolase, acetoacetylCoA and ß-hydroxybutyrate dehydrogenase.
Different agitation rate were also examined in
the production of PHB and the yields obtained were
between 21.6 and 28.7% of dry cell weight (Table
4). The production of PHB was not satisfactory
when the agitation was applied as 100, 200 and 250
rpm, resulting in the highest final PHB content as
28.7 % for Rhizobium R15 strain.
When compared to the values reported in the
literature, the amount of PHB accumulated in our
Rhizobium strains was generally lower than that
accumulated by the other Rhizobium spp. Thus,
nutrient deficiency appears to be a complex factor
influencing the accumulation of PHB and needs
further investigation with our strain of Rhizobium.

Rhizobium spp. 2426 showed different growth rates
in the presence of different carbon sources in the
medium. Bonerseva et al. [10] was found that PHB
synthesis can be selectively induced either in active
or less active Rhizobium strains by sources of
carbon and nitrogen. They reported that R. phaseoli
680 was a promising producer of PHB, and the
PHB content in the cells of this strain was up to
65% of dry cell weight during growth on a medium
with sucrose and nitrate. In our study, the
production of PHB in Rhizobium strains, which
produced PHB in lower amounts, was observed
when different nitrogen sources were tested. While
the percentage of PHB yield in these strains was
low with different nitrogen sources in YEM broth.
However, the highest PHB accumulation was
obtained when KNO3 was used as nitrogen source
with strain R22. The PHB content was lower when
(NH4)2SO4 and urea were used as the nitrogen
sources (Table 5). R. ciceri, PHB were produced
from sodium nitrate [10]. Mercan et al. [11]
reported that Rhizobium spp. 2426 produced
74.03% of dry cell weight in the presence of Lcysteine as a nitrogen source. The nature of carbon
and nitrogen sources was affected by both biomass
formation and biopolymer production by five

TABLE 4
Effect of agitation rate on PHB production by some Rhizobium strains.
Cell dry
weight (g/lt)



PHB ( g/lt )

Yield of PHB (%)

Rhizobium R15
100rpm
200rpm
250rpm

0.4±0.05
0.3±0.01
0.6±0.04

0.11±0.01
0.08±0.02
0.10±0.07

28.7
26.6
21.6

Rhizobium R17
100rpm
200rpm
250rpm

0.9±0.05
0.6±0.02
0.6±0.01

0.22±0.04
0.16±0.03
0.14±0.07

25.0
28.0
23.3
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TABLE 5
PHB production by Rhizobium species in nitrogen sources.
Cell dry weight (g/lt)

PHB ( g/lt )

Yield of PHB (%)

Rhizobium R1
KNO3
(NH4) 2SO4
Glutamin
Glisin
Asparajin
Urea

3.50±0.11
0.20±0.04
0.30±0.02
2.45±0.02
2.95±0.03

0.60±0.02
0.03±0.01
0.03±0.02
0.36±0.02
0.45±0.02

17.10
14.20
10.00
14.60
15.20

Rhizobium R4
KNO3
(NH4) 2SO4
Glutamin
Glisin
Asparajin
Urea

2.20±0.04
0.25±0.02
0.35±0.03
1.80±0.05
1.20±0.07

0.32±0.03
0.03±0.02
0.04±0.01
0.22±0.01
0.17±0.03

14.50
12.00
11.40
12.20
14.10

Rhizobium R15
KNO3
(NH4) 2SO4
Glutamin
Glisin
Asparajin
Urea

0.90±0.08
0.25±0.12
0.35±0.20
1.90±.0.10
1.15±0.20

0.10±0.01
0.03±0.00
0.05±0.02
0.32±0.04
0.20±0.03

11.10
12.00
14.20
16.80
17.30

Rhizobium R17
KNO3
(NH4) 2SO4
Glutamin
Glisin
Asparajin
Urea

2.75±0.10
0.35±0.02
0.85±0.03
2.35±0.12
1.65±0.10

0.44±0.04
0.05±0.00
0.11±0.01
0.40±0.02
0.26±0.04

16.00
14.20
12.90
17.00
15.70

Rhizobium R22
KNO3
(NH4) 2SO4
Glutamin
Glisin
Asparajin
Urea

2.25±0.09
0.30±0.02
0.50±0.02
2.10±0.09
1.45±0.08

0.40±0.03
0.03±0.01
0.06±0.01
0.32±0.05
0.21±0.05

17.70
10.00
12.00
15.20
14.40

[2] Byrom, D. (1987). Polymer synthesis by
microorganisms: technology and economics.
Trends Biotechnol. 5, 246-250.
[3] Hrabac, O. (1992). Industrial production of
Production of Poly-ß-Hydroxybutyrate. FEMS
Microbiol. Rev. 103:251-256.
[4] Tombolini, R., Nuti, M.P. (1989) Poly±ßhydroxyalkanoate
biosynthesis
and
accumulation by different Rhizobium species.
FEMS Microbiol. Lett., 60, 299-304.
[5] Karr, D.B., Waters, J.K., Suzuki, F., Emerich,
D.W. (1984) Enzymes of the Poly-E
Hydroxybutyrate and citric acid cycles of
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metals which usually contaminate soils are mostly
arsenic, cadmium, chromium, mercury, zinc, nickel,
lead, copper and vanadium; they are toxic even in
small amounts. They can cause diseases in humans
and animals as they cause permanent damage to the
body, especially the central nervous system [6]. On
the other hand, research has shown that certain
metals, including iron, selenium, zinc, copper,
iodine and molybdenum are essential for the human
body and plant growth when found in trace
amounts. Nonetheless, exposure to higher levels of
certain metals may trigger various health problems
[7-9]. Therefore, bringing the pollution down to
what are regarded as acceptable levels is a vital
issue for the environment [10].
Industrial activities, such as power plant
activity, often generate high amounts of
environmental
hazardous
waste;
the
aforementioned metals are particularly the source
for such waste. As A. Mandal et al 2006 described,
another major environmental problem associated
with the use of coal as fuel in thermal power plants
is the production of ash [11]. However, it should be
noted that higher concentrations of particular
elements can be considered normal for one region
but nonstandard for others [12].
In this context, the energy sector is one of the
biggest pollutants of the environment in Kosovo,
especially in the region of Prishtina [13-16]. The
coal-powered plants of Kosovo (namely, Kosovo A
and B), the separation and waste of coal ashes,
mining and metallurgical industries [17] damage
the environment irreversibly. In addition to this,
other accompanying objects of burning coal such as
acidic gases, benzene, dioxins and furans;
formaldehyde, lead, arsenic, mercury; polycyclic
aromatic hydrocarbons (PAH) and radioactive
materials [18] are released in air as pollutants and
they negatively impact the environment.
The accelerated rate of extraction of minerals,
fossil fuels and highly technological industrial
processes can also cause a surplus of trace metals in
soil and in the air [19]. The goal of this study was
to determine the level of contamination with heavy
metals (Pb, Cd, Zn, Cu, As, Cr, Ni, V) in the

ABSTRACT
The area neighboring the power plants in
Kosovo in the town of Kastriot, near the capital city
of Prishtina, is exposed to contaminants of air,
water and soil. The power plants are a major source
of heavy metals pollution in the environment,
including the agricultural soils used for crops. The
aim of this study is to determine the level of
contamination with heavy metals (Pb, Cd, Zn, Cu,
As, Cr, Ni, V) in the agricultural soils around
.DVWULRW¶VSRZHUSODQWV,QRUGHUWRDVVHVVSRVVLEOH
impact of contamination, the content of 21 elements
were analyzed in 30 soil samples collected from
evenly distributed locations over the power plant
area and some samples collected from the
contaminant-free area at a distance of 40 km from
contamination zone, for comparison purposes. The
presence of heavy metals in the collected samples
was analyzed by inductively coupled plasma atomic emission spectrometry (ICP-AES). The
obtained results for heavy metals were compared
with the target and intervention levels of these
elements in soil from the Dutch list.
The results show that the content of some
heavy metals (Pb, Zn, Cd, As, Cu) in the area close
to the power plants is very high and often exceeds
the target and even the intervention limits. The
contents of Cr, Ni, and V showed high levels in the
vast majority of the cases.

KEYWORDS:
soil, heavy metals, contamination, power plants, ICPAES.

INTRODUCTION
The presence of heavy metals in soil, which is
quite harmful, is usually a result of the
anthropogenic factor [1-3].Their presence in soil is
an indicator of environmental pollution [4]. Such
contamination is hazardous for living organisms,
including plants, animals and humans [5]. Heavy
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DJULFXOWXUDO VRLOV DURXQG .DVWULRW¶V SRZHU SODQWV
near the Kosovar capital, Prishtina. In order to
measure the possible impact of contamination, the
contents of 21 elements were analyzed in 30
agricultural soil samples collected from evenly
distributed locations over the power plant area, as
well as from the wider area for comparison
purposes. The presence of heavy metals in the
collected samples was determined by inductively
coupled plasma - atomic emission spectrometry
(ICP-AES).

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

MATERIALS AND METHODS
Study Area Description. Kastriot, also
known as Obiliq, is a town and municipality in
central Kosovo, belonging to the capital district of
Pristina, Kosovo. The environment of Kosovo is
inextricably linked with electricity generation: after
the closing of Pb and Zn production in the Trepça
smelter as well as in some other industrial facilities
in the region of Mitrovica, [20-21] the power plants
located in Kastriot±about 10 kilometers away from
Prishtina±are now considered the largest pollutants
of the environment in Kosovo.

FIGURE 2
Investigated area around the thermoelectric
power plant with soil sampling location

FIGURE 1
Map of Kosovo with the zone of study shown in
red

.RVRYR¶V FRDO LV RI OLJQLWH W\SH DQG of lower
TXDOLW\ ORZ WKHUPDO HIIHFWV  .RVRYR¶V FRDO EDVLQ
covers an area of 274 km2 and has a meridian
stretch of 30 km in length and average width of 10
km (east±west). This basin covers 20% of the entire
area of the plane of the country (1400 km2). The
coal basin lies along the river Sitnica, which flows
near the power plants, where hypsometric
differences do not exceed 80 meters. The soils in
this basin are mainly used for agriculture. [18]
Power plants operate with two lignite mines
with a 1478 MW installed capacity, and use
approximately 7 million tons of lignite per year.
The two power plants, Kosova A and Kosova B,
which were built in 1962 and 1984, respectively,
have deposited ash in their vicinity, which has led
WR WKH FUHDWLRQ RI µQHZ KLOOV¶ Rn the existing

landscape. The total amount of ash is about 42
million tons in both landfills. Holes from the
surface exploitation of coal for the purpose of
supplying
KEK
(the
Kosovo
Energetic
Corporation) cover an area of 1,600 ha, whereas
mining wastelands cover about 1,500 ha [22]
Figure 1 shows a map of Kosovo, with Kastriot, the
studied zone, highlighted in red while Figure 2
shows the study area and the soil samples marked
in red, whereas sample number 30 represents an
unpolluted zone.
Soil Sampling. Thirty soil samples were
collected in the surface layer from 0 to 30 cm, in
the region of Kastriot throughout the spring of
2014. Soil samples (S1 to S30) were taken from
different locations, as shown on the map in Figure
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Soil Digestion. After the soil samples were
dried in air temperature, they were ground down to
75 micrometers. The 500 mg soil sample was
weighed on an analytical scale. The samples were
placed into teflon vessels and 5 ml of nitric acid
were added in each, which evaporated until 1 ml of
nitric acid were left in each. After the completion of
this phase, the teflon vessels were left to cool to
room temperature. 5 ml of hydrofluoric acid and
1.5 ml of perchloric acid were added.

2. The locations of samples were determined using
the Global Positioning System (GPS). Each sample
represented the composite material collected using
probes. The composite material of each sample
(about 2 kg) was placed into plastic bags. Most of
the samples were taken in distances varying from 4
to 7 km from the power plants. The referring
sample for comparison was collected at a pollutantfree spot in Keqekolla (40 kilometers away from
.RVRYR¶V SRZHU SODQWV  LQ D FOHDQ UXUDO ]RQH IUHH
of anthropogenic contamination.

TABLE 1
Instrumentation and operating conditions for ICP-AES system.
RF Generator
40.68 MHz free-running, air-cooled RF
700-1700 W in 50 W increments
better than 0, 1%
Introduction area
Sample Nebulizer
Ultrasonic nebulizer CETAC (ICP/U-5000AT)
Spray Chamber
Double-pass cyclone
Peristaltic pump
0-50 rpm
Plasma configuration
radially viewed
Spectrometer
Optical Arrangement
Echelle optical design
Polychromator
400 nm focal length
Echelle grating
94.74 lines mm-1
Polychromator purge
0.5 L min-1
Megapixel CCD detector
1.12 million pixels
Wavelength coverage
177 nm to 785 nm
Conditions for program
RFG Power
1.0 kW
Pump speed
25 rpm
Plasma Ar flow rate
15 L min-1
Stabilization time
30 s
Auxiliary Ar flow rate
1.5 L min-1
Rinse time
30 s
Nebulizer Ar flow rate
0.75 L min-1
Sample delay
30 s
Background correction
Fitted
Number of replicates
3
Element
Wavelength nm
Element
Wavelength nm
Element
Wavelength nm
Ag
328.068
Cu
324.754
Na
589.592
Al
396.152
Cr
267.716
Ni
231.604
As
188.980
Li
670.783
P
213.618
Ba
455.403
Fe
238.204
Pb
220.353
Ca
370.602
K
766.491
Sr
407.771
Cd
226.502
Mg
279.553
V
292.401
Co
238.892
Mn
257.610
Zn
213.857
Operating frequency generator
Power output of RF generator
Power output stability

Instrumentation. All analyzed elements (Ag,
Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn,
Na, Ni, P, Pb, Sr, V, and Zn) were determined by
atomic emission spectrometry with inductively
coupled plasma, ICP-AES (Varian, 715-ES)
applying ultrasonic nebulizer CETAC (ICP/U5000AT) for better sensitivity. Instrument
parameters are given in Table 1.

After this phase which took two to three
hours, the acids were evaporated until only one or
two drops of acid remained. Upon completion of
this phase, the teflon vessels were left to cool at
room temperature for a few minutes and then 1 ml
of hydrochloric acid and 5 ml of water were added
to dissolve the residue. The soil samples in the
teflon vessels were stirred several times to get all
the content from the plate and were then filtered
through quantitative filter paper with blue lens and
leveled up to 50 ml of volume with distilled water
[23].

pH
Measurement.
Availability
and
accessibility of nutrients is the best in weak acid
and neutral soils. The process of desorption of
metals decreases with increasing pH, due to
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irreversible binding metal creation of complex
compounds; and, conversely, in reduced pH, the
process of metal absorption is decreased, and the
toxicity due to the decomposition of organic matter
is increased [17]. In this study, the pH of the soil
samples in water and 1 M KCl was measured in
room temperature. It was shown that the pH values
in water range from 6.99 to 8.26, whereas they are
lower in the KCl solution for about 10%.

RESULTS AND DISCUSSION
The data from the elements analysis (mg kg-1)
in the soil samples are presented in Table 2. The
table shows the average content value of 21
elements in the soil samples. Table 3 presents the
tolerated upper limits for nine elements according
to Dutch National Standards [24].

TABLE 2
The content of the 21 analyzed elements in soil samples (in mg kg-1).

Sample
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30

As
<50
58.2
<50
<50
<50
<50
<50
<50
<50
<50
64
119
<50
<50
68.1
<50
<50
<50
<50
<50
<50
<50
<50
<50
<50
<50
<50
64.7
<50
<50

Ba
324
534
414
277
274
351
449
312
360
347
284
574
328
461
397
322
362
305
289
286
282
283
283
332
277
321
286
259
338
280

Sample
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14

V
74.8
71.4
65.7
87.7
77.9
94.3
94
89.2
100
87.2
87.9
81.6
93.1
105

Zn
105
52.3
53.7
56.6
52.9
61.5
36.1
128
134
247
56.1
208
36.2
34.7

Element
Cd
Cr
3.57
148
<1
151
8.29
110
3.74
105
<1
80
9.76
204
3.34
147
4.52
148
4.79
183
6.97
141
4.89
131
1.15
168
2.97
110
3.01
114
2.83
139
<1
161
<1
138
3.81
140
<1
156
2.7
158
<1
141
<1
136
7.02
150
3.7
167
<1
119
<1
148
<1
129
3.08
162
12.6
64.22
<1
53
Element (continued)
Ag
Al
1.95
18674
3.28
20612
3.26
14406
3.32
17287
3.29
16796
2.02
22866
4.67
21304
3.06
21479
4.97
39787
3.5
28283
1.94
24092
2.51
30626
2.9
24062
3.28
21140

1316

Cu
30.9
26.6
33.8
30
24.1
35.2
29
41.3
49.3
40.4
33.7
39.5
31.1
32.8
25.8
42.8
42.7
39.1
28.8
26.9
39.4
39.7
37
47.7
38.7
46.6
38.3
42.1
273
29.2

Ni
157
112
96
115
72
228
96
145
153
122
110
188
90
77
89
124
116
106
143
142
125
102
128
150
95
120
176
176
37.1
33

Pb
<5
14.7
19.9
26.6
7.6
24.7
45.3
50.9
73.3
16
<5
344
20.8
42.5
26.2
<5
<5
8.2
40.8
18.3
425
31.7
5.5
36
23.7
<5
30.3
394
110
12.5

Ca
9484
14341
3679
6680
4261
6070
5376
5001
31831
24941
15678
17353
15255
7467

Co
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1

Fe
29666
30668
25340
34348
30279
39963
34614
32957
39996
33909
35097
36859
35388
34060
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S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30

63.8
96.8
84.2
84.2
79.4
86.6
86.1
84.7
75.7
91.9
87.2
96.7
48.3
85.9
75.4
75

17.4
28.8
45.4
155.7
37.4
583
373
40
105
43.6
56.8
52.9
108
260
0.06
86.4

Sample
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30

K
10400
9066
12191
11752
12532
13877
10486
16098
14984
11819
10794
13646
11519
11172
9558
16105
14523
15197
15075
15357
13405
14854
13531
16432
13100
17662
11151
14135
24158
21837

Li
25.88
25.04
23.92
29.36
25.06
25.7
29.23
34.14
41.14
41.36
36.02
30.65
35.36
37.97
27.49
43.04
41.52
41.4
32.34
31.78
30.95
39.21
34.56
42.6
32.06
44.23
20.39
32.53
54.61
37.78

1.6
19545
3.93
21310
1.23
19979
2.27
17189
2.39
19866
1.81
17505
3.16
23890
1.56
14433
2.13
18491
1.31
19173
1.95
15597
1.36
15334
1.67
27143
2.91
22642
0.52
14034
2.79
13619
Element (continued)
Mg
Mn
7001
869
5586
570
5379
604
5358
969
6730
567
5749
1335
4729
820
10902
800
11282
912
6719
533
6232
902
10654
1192
6272
681
5724
571
4173
1054
7777
928
8686
1328
7465
995
9606
714
10723
685
8941
1380
6605
815
7012
1211
9467
1217
5641
697
8663
956
7518
1080
10215
1181
5106
653
52.69
651

12158
3452
3643
3114
4531
6318
16385
3801
4798
4047
3326
3495
25354
11831
3478
4838

<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1

30175
36666
39849
32620
30526
31416
34801
32891
36766
35570
33811
33293
26994
36099
30985
27695

Na
3337
4650
5255
3235
4976
3716
5043
7721
3816
1987
2941
4927
2415
2454
4010
4259
4714
5191
8409
9434
4569
4086
4567
4588
3070
4621
4193
4470
6409
5577

P
685
412
763
321
204
234
350
665
334
349
335
916
629
293
320
552
385
382
372
396
544
427
949
572
476
741
3930
930
953
1807

Sr
31.3
41.5
27
30.2
40.4
36.4
32.8
59.4
66.7
49.3
43.4
54.8
39.2
36.7
41.6
28.3
27.7
29.7
60.1
69
50.4
27.3
34.8
37.5
24.7
30.4
78.1
44.3
42.08
36.3

TABLE 3
Target and intervention values of the contents of elements in the soil according to the Dutch National
standard
Dutch list
Target
Intervention

As
29
55

Ba
160
625

Cd
0.8
12

Cr
100
380

Element, in mg kg-1
Cu
Ni
36
35
190
210

Pb
85
530

V
42
250

Zn
140
720

Ag
15

mg kg-1 (Table 2). Sample 2 of the soil shows an
arsenic level of 58.2 mg kg-1 while sample 12

The arsenic level in five soil samples was over
the target value according to Dutch Standard to 29
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(sample 20) and 1557 mg kg-1 (sample 18). The
intervention value for zinc was 720 mg kg-1,
whereas sample 18 is over twice this level.
Nutrients which are necessary in large
amounts to plants are referred to as macronutrients
and include phosphorous, potassium, calcium and
magnesium. Elements that plants need in trace
amounts are called trace nutrients or micronutrients.
Trace nutrients are not major components of plant
tissue but are essential for agricultural soils. It was
found that the contents of phosphorous ranged from
0.02% to 0.39%, K from 0.9% to 1.64%, Ca from
0.31% to 3.18% and Mg from 0.41% to 1.128%
(Table 2). The variation of the content of
phosphorus depends mainly on the usage of
phosphate fertilizers in various agricultural soils,
whereas the content of the other macronutrients
depends on the lithological background of the soil.
The content of the other analyzed elements
were below the limits given in the Dutch list with
the exception of V and Ba, whose contents in all
soil samples were over the referent values (42 mg
kg-1 and 200 mg kg-1, respectively). Barium is a
naturally occurring component of minerals that is
found in small but widely distributed amounts in
the earth's crust, especially in igneous rocks,
sandstone, shale, and coal [25]. Vanadium is also
considered as a naturally trace element in soils,
sediments and fossil fuels [26-27]. The
concentration of these two elements can either stem
from the geological composition of the soil or
anthropogenic pollution. Burning coals that contain
these elements in the form of oxides allow them to
end up in the atmosphere or ashes [28].
The soil layer of the Kosovo basin consists of
grey clays, except for the Sitnica river basin where
clays are eroded and the layer of coal are alluvial
formations of sand and gravel. Sediment thickness
varies from 40 to 120 meters, while the average
thickness of the layers of the ceiling in Kosovo
basin is 76 meters [22].
The analysis of the thirty studied soil samples
demonstrates that agricultural lands around the
power plants in Kastriot are contaminated with
heavy metals. Sample number 5 stands out as an
exception, which can be explained by the hill
protection in front of the land, which shields it from
excessive pollutant influence emitted from the
landfill or the burning of coal ash in the plants.
Sample number 30 was taken in a location about 40
km away from the power plants in a mountainous
area less prone to pollution, and as such was used
as the control sample assumed to be free of
contaminants. (Table 2).

shows 119 mg kg-1 (Table 2). Overall there were
four samples with the content of arsenic two times
higher and one sample was four times higher than
the target level. In all five cases, arsenic exceeds
the target intervention level of 55 mg kg-1.
The content of cadmium was over the target
value 0.8 mg kg-1 in 20 out of 30 soil analyzed
samples (Table 2). The content of Cd in the
analyzed samples (with the content over the target
value of 0.8 mg kg-1) ranged from 1.15 mg kg-1
(sample 12) to a maximum of 12.6 mg kg-1 in
sample 29 (exceeding the intervention value
according to the Dutch list of 12 mg kg-1). Very
high content of cadmium was found also in sample
3 (8.29 mg kg-1) and in sample 23 (7.02 mg kg-1).
In 28 out of the 30 soil samples analyzed, the
content of chromium was over the target value of
100 mg kg-1 (Table 2). The content of chromium
ranges from the minimum value of 105 mg kg-1 in
sample 4, up to the maximum value of 204 mg kg-1
in sample 6. The content of chromium exceeded the
maximum by one to two times in all samples except
samples 5 and 30, the two comparative samples
from unpolluted areas.
The target content for copper in the soil under
the Dutch National Standard is 36 mg kg-1. From
the 30 samples analyzed, 16 of them exceeded this
value. Copper levels range from 37.0 mg kg-1 in
sample 23 to 273 in sample 29 (Table 2), which
was a result of the pollution from anthropogenic
activities.
The content of nickel in analyzed samples
ranges from the minimum value of 37.1 mg kg-1
(sample 29) up to the maximum value of 228 mg
kg-1 in sample 6 (Table 2). The target content of Ni
in soil according to the Dutch National Standards is
35 mg kg-1 (Table 3). The content of Ni exceeded
this level by two to seven times in all samples, with
the exception of sample 30, which is taken as a
comparative sample from an unpolluted locality.
The content of Pb in the samples varies and
ranges from 0.1 to 20 mg kg-1 (Table 2). When
comparing the results for Pb (Table 2) with the
Dutch National Standards for soil (the target value
for lead is 85 mg kg-1 Table 3) with the samples
analyzed, four of them exceed the maximum
concentration allowed: 344 mg kg-1 (sample 12),
425 mg kg-1 (sample 21) 394 mg kg-1 (sample 28)
and 110 mg kg-1 (sample 29) as a result of
anthropogenic activities.
Zinc is an essential element which is present
in the tissues of animals and plants in normal
concentrations. Six out of thirty samples analyzed
(Table 2) showed Zn levels in excess compared
with the target value from the Dutch National
Standards for soil (140 mg kg-1, Table 3). The
results for zinc subsequently are: 208 mg kg-1
(sample 10), 247 mg kg-1 (sample 12), 259 mg kg-1
(sample 28), 373 mg kg-1 (sample 21), 583 mg kg-1

Extraction power
HCl. The pH of soil
bioavailability of heavy
pH of the 30 examined
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8.26 in water. Different vegetable species have
different cumulative capacities of heavy metals.
Also, various heavy metals have diverse behaviors
and enrichment capacities. With the calculation of
the enrichment coefficients, we may present the
contamination in soil and vegetables around the
power plants in Kosovo.
The absorption rate of heavy metals by the
vegetable samples depends on the presence of these
elements in the garden soil, their solubility,
physical and chemical properties of the soil, plant
species and age, as well as on exposure time [29].
Different degrees of availability can be estimated
depending on the extracting power of the reagent
that is used.
Extraction with acid reagents was often used
to displace potentially available forms that were not
easily extracted. Hydrochloric acid was used to
extract some forms of Cd, Cu, Zn, Ni, Pb or Hg
[30].The extraction level of As, Cd, Cr, Cu, Mn, Ni,
Pb and V in 1 mol/dm3 HCl from the samples are
shown in Figures 3 and 4. These two figures show
the minimal and maximal extraction capacity
powers of these elements expressed in percentage.

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

FIGURE 4
Extraction from soil of Cu, Mn, Ni, Pb and Zn in
1 M HCl.

About 97% of the electricity sector
of Kosovo relies on coal-fired power plants [31].
This, however, comes with consequences: coal
combustion leaves behind fly ash, bottom ash,
boiler slag, flue gas desulfurization residue and
other solid fine particles which present major
threats to the environment [32]. Also, coal-fired
power plants emit numerous metals such as Ag, As,
Ba, Cd, Co, Cr, Cu, Fe, Hg, Mo, Ni, Pb, Se, V and
Zn [33].Although many coal plants today are
underutilized because of their age and inefficiency,
they remain to be some of the worst contributors to
the global warming pollution [34].

CONCLUSION
The agricultural lands where the soil samples
were collected for determining the heavy metal
content have been affected by the ash emission
IURP .RVRYR¶V SRZHU SODQWV IRU GHFDGHV 7KHVH
soils contain high amounts of heavy metals and
other hazardous elements. They were collected in a
range of four to seven kilometers from the power
plants. The outcomes of the study have shown that
the analyzed heavy metals were in high
concentrations, which is a result of their
anthropogenic redistribution triggered by the
emissions from the neighboring power plants.
The results showed a relation between the
proximity of agricultural lands to the power plants

FIGURE 3
Extraction from soil of As, Cr and V in 1 M HCl.

According to the findings, Manganese had the
highest extraction capacity with 75.35%, followed
by Pb (52.72%), Zn (47.02%), Cu (42.22%), Ni
(35.84%), V (11.10%), As (5.10%) and Cr (4.53%).
The extraction power of Cadmium resulted to be
very low, since in 1 mol/dm3 HCl, less than 0.01
mg/kg Cadmium was extracted.
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and the pollution: the lands closer to the power
plants had the higher heavy metal concentrations. It
can also be concluded that the southern part where
the samples were collected is severely polluted with
heavy metals. This may be attributed to the facts
that this part is affected by Kosova A, one of the
power plants, which has been in operation since the
1960s and runs using outdated technologies, and
that this area houses the ash deposit.
As a result of this waste, it is crucial to
undertake the appropriate measures for the
environment protection. It is also necessary to
monitor the content of heavy metals in these lands,
as well as in plants and other environmental
components in order to observe the effectiveness of
the measures undertaken to decrease the ash and
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chemical pollutants due to their harmful and
hazardous properties[1, 2]. It have been reported
that 60% of dyes are used in this textile industry[3,
4]. The dyes used in this industry are placed in
three categories including anionic, cationic and
non-ionic[5, 6]. The acid dyes are located in
anionic group and there are acid group (sulphonate,
carboxyl) in their molecular structure. The water
solubility is a major characristic of these kind of
dyes they are water soluble dyes[7, 8]. Many
researches indicated that the dyes can influence the
human health by their carcinogenic and mutagenic
properties[9, 10]. Therefore the colorful wastewater
must be treated to preserve the environment and
human health[11]. Some of dyes are difficulty
treatable by the conventional method due to their
complex molecular structure; therefore various
techniques such as advanced oxidation technology,
electrochemical treatment, Enzym, and membrane
filtration are examined by researcher, however
these methods are not economic [12-14]. Recently,
The adsorption process is known as effective, lowcost and popular method in removal of pollutants
[15]. There are significant efforts in the world to
discover the inexpensive and high ability adsorbent.
Various attempts are performed on dye removal by
different material such as red mud, chitosan[16], fly
ash[3], rice husk[6], Seed Powder[17], nut
shell[18], Eggshell[19], canola[5], Bone Char[20],
lemna[21] and etc. Azolla is one most available
algae which is growing rapidly in water surface and
can be found in north of Iran was the subject of
present study[22]. Although the Azolla can remove
pollutant from environment however the rapid
growth of Azolla can create problematic
conditions[23, 24]. Therefore, the application of the
Azolla as an adsorbent can be superior approach to
dissolve the problems[25]. The aim of this study
was to investigate the Acid Blue 92removal by
Azolla from aqueous solution.

ABSTRACT
Dyes are the important contaminants of the
environment. The dyes are often toxic, carcinogenic
and mutagenic and can lead to allergies and skin
problems. Therefore, it is necessary to treat the
colorfull effluents before discharging into the
environment. The aim of this research was to
evaluate the Azolla filicoloides ability in removal
of AB92 dye from aqueous solution. The Azolla
biomass was dried in the sunlight and then it was
crushed and sieved to particle sizes in range of 1-2
mm. After that, it was treated with 0.1M HCl for a
period of 5h. The residues concentration of
AB92dye was measured by spectrophotometer in
ȜPD[ RI  QP The effect of pH, contact time,
initial AB92 dye concentration, biosorbent dosage,
kinetic and isotherm models of AB92 adsorption
were investigated. The pH value of 3, contact time
of 90 min, adsorbent dosage of 7 g/L and dye
concentration of 10 mg/L were determined as
optimum conditions for the adsorption process. The
maximum Acid Blue 92 dye removal efficiency by
modified Azolla filicoloides was 99% which it
obtained in optimum conditions. The equilibrium
data is best fitted on Langmuir isotherm and the
adsorption kinetic model follows pseudo-second
model. Thermodynamic parameters showed that
biosorption of Acid Blue 92 was spontaneous and
endothermic. This study showed that Azolla could
be used as an efficient sorbent for the removal of
dyes from aqueous solution.

KEYWORDS:
Adsorption, Acid Blue 92, Kinetics, Isotherms, Azolla
filicoloides, Thermodynamic studies

INTRODUCTION
The dyes which are extensively used in
various industries such as textiles, tanneries, photo
printing, paper and etc, are considered as important
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dye concentrations in the solution (mg/L),
respectively, V is the solution volume (L), and M is
the mass of biosorbent (g)[28].

MATHERIALS AND METHODS
Preparation of adsorbent. Azolla was
collected from rice paddy in Sari city; Then It was
dried in the sunlight, and was crushed and sieved to
particle sizes in the range of 1±2 mm. The biomass
was treated with 0.1 M HCl for 5 h and it was
washed with distilled water and finally was dried at
ƕ LQ RYHQ[26]. The resultant biomass was
subsequently used in sorption experiments.

TH  &2í&H 9P (1)

Instruments used for characterization.
Textural characterization of the dried Azolla was
carried out by N2 adsorption at 77K using an ASAP
2000 apparatus based nitrogen adsorption±
desorption isotherms. The Brunauer±Emmett±
Teller (BET) is the most common standard
procedure used to characterize an adsorbent.
Scanning electron microscopy (SEM) analysis
was carried out by a Philips XL30 for the prepared
dried Azolla before and after adsorption process to
study the surface morphology and to verify the
presence of porosity. The surface functional groups
of the prepared dried Azolla were detected by
Fourier transform infrared (FT-IR) spectroscope
(Nicolet 5700 instrument, Thermo Corp, USA). The
spectra were recorded from 400± 4000 cm-1.

FIGURE 1
The chemical structures Acid Blue 92.

TABLE 1
The charactristics of Acid Blue 92[27].

Preparation of dye solution. Acid Blue 92
(AB92) dye was obtained from Sigma±Aldrich
Corporation. The properties and chemical structure
of the dye are shown in Table 1 and Fig.1.

C.I. name

Molecular
weight

ȜPD[
(nm)

Molecular formula

Acid
Blue
92(AB92)

695.5
g/mol

571

C26H16N3O10S3Na3

RESULTS AND DISCUSSION
Absorbent characteristics. The specific
surface areas of modified azolla were determined to
be 36 m2/gr.The specific surface area of adsorbent
is one of the most effective parameters on
adsorption ability. The specific surface area is
related to the number of active adsorption sites of
dried azolla.The adsorption increased with the
specific surface area and pore volume of the
sorbent[29]. The surface area of dried Azolla was
36 m2/gr which it indicated that the modified azolla
area have relatively good ability to remove the
pollutants.The natural azolla has a positive charged
surface; this causes a relatively high adsorption
capacity for reactive acid dyes with a negative
sulfonate group due to interaction occurring
between the dye and the azolla surface[12].
Scanning electron microscopy (SEM) images
were used to analyze the surface structure of azolla
(Fig. 2). It was found that the adsorbent has
Heterogeneous surface structure with deep pores.
The FT-IR spectroscopy for both dried A.
filiculoides before and after use was conducted to
understand the interaction between function groups
on the surface of dried A. filiculoides and AB92
cations. Fig. 3(a) and (b) illustrates that the dried A.
filiculoides before and after use has a similar

Batch adsorption. Various experimental
conditions which may be effective on the
biosorption of AB92 by dried A. filiculoides
including contact time (10-180min) initial solution
pH (3-11), biosorbent dosage(0.1-1g) and initial
AB92 concentration(10-500 mg/L) were assessed in
batch experiments. Initial AB92 solutions with
different concentrations were prepared by diluting
of AB92 stock solution (1000 mg/L) with distilled
water. The pH was adjusted using either 0.1M HCL
or 0.1M NaOH solution. The experiments in batch
system were carried out in a 100 ml Erlenmeyer
flask. In every experiment, a certain concentration
of AB92 and specific dose of absorbent spilled into
the flask and completely mixed with shaker at 120
rpm for 180 min. the samples were consequently
centrifuged at 3600 rpm for 10 min. The residual
dye concentrations were measured using
Spectrophotometer (DR2800) LQ ȜPD[ RI 
nm[27]. All batch experiments were carried out in
triplicate.
The amount of adsorbed dye was calculated
from the difference between the dye added quantity
to the biomass and the dye content of the
supernatant using the Eq 1: where qe is the dye
uptake (mg/g), C0 and Ce are the initial and final
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DQG  FPí ZHUH GXH WR WKH &-O stretching
vibration of ketones, aldehydes and lactones or
carboxyl groups[6, 31]. However, some shifts in
ZDYH QXPEHUV IURP  WR  FPí
1630.4cPí WR  FPí  FPí WR
FPíDQGFPíWRFPíZHUH
noticed in the spectra of dried A. filiculoides before
and after use. The shifts in wave numbers suggested
that amide, hydroxyl, carboxylate and C±O groups
could participate in AB92 biosoprtion on the
surface of dried A. filiculoides.

pattern and same numbers of peak in the FT-IR
VSHFWUD 7KH EURDG SHDN DW  FPí ZDV GXH to
overlap of O±H and N±H stretching vibrations,
indicating the presence of both surface free
hydroxyl groups and chemisorbed water[30]. The
SHDNV DW  FPí DQG  FPíFRUUHVSRQGHG
to the C±H symmetric stretch of the methylene
groups (±CH2) and deformation vibration of methyl
groups (±&+  7KH SHDN DW  FPí ZDV
attributed to a C=O stretching vibration of
carboxylate (±&22í  RU D 1±H deformation
vibration of amide I groups. The peaks at 1249.2

FIGURE 2
The SEM image of modified azolla before and after used.

FIGURE 3
the FT-IR spectra of modified Azolla before and after used.

equilebrium was observed equilibrium after 1.5 h.
The results reveals that the kinetics of AB92
removal efficiency were formed in two phases; the
first phase is the initial rapid phase which the
adsorption of dye molecules was fast and
instantaneous, and the second phase was a slow
stage in which it has small contribution in the total
dyes removal efficiency and finally the removal of
dye reached equilibrium[32, 33]. Data on the

Effect of contact time. The effects of contact
time on AB92 removal efficiency from aqueous
solutions were investigated by variation of the
contact time in the range of 10-180 min and initial
AB92 concentration of 10 mg/L at pH 3 and
biomass concentration of 7 g/L. As it is shown in
Fig. 4, biosorption of AB92 on dried azolla
increased rapidly within the first 60 min and then it
was slowed from 60 min to 90 min. The
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adsorption kinetics of dyes by various adsorbents
have shown different ranges of adsorption rates.
For example, the equilibrium times which are
reported for the adsorption of dye on Wheat shells
and Coffee husks were 90 and 75 min, respectively
[34, 35].
Effect of initial AB92 concentration. The
experimental results of sorption of AB92 on Azolla
filicoloides at various concentrations are shown in
Fig.5. An increase in dye concentration decreased
the adsorption percentage. The initial dye
concentration provides an important driving force
to overcome all mass transfer resistances of the
AB92 between the aqueous and solid phases. As the
AB92 concentration was increased from 10 to 500
PJ Oí WKH HTXLOLEULXP DGVRUSWLRQ FDSDFLW\ TH 
LQFUHDVHV IURP  WR  PJJí ZKHUHDV WKH
AB92 removal efficiency decreased from 98% to
55%. Similar results have been reported in
literature[6, 12].This probably occurs due to the
increasing of the surface charge on the adsorbent
which it leads to increasing the unsaturated
adsorption surface sites and consequently decreases
the dye removal efficiency [36].

FIGURE 4
Effect of contact time on the % removal of AB92
dye (initial dye conc, 10 mg/L, biosorbent dose:
0.7 g/100 mL, 30 °C, shaking speed: 180 rpm,
pH: 3).

Effect of pH. In In order to evaluate the effect
of pH on the adsorption of AB92 onto azolla, the
adsorption experiments were carried out with initial
AB92 concentration of 10 mg/L and biomass
concentration of 7 g/L and the pH of the solutions
varied in range of 3±11(Fig,6).The uptake of AB92
by the biomass is almost constant in the pH range
of 3±5. However the increasing of pH value higher
than 5 is led to abruptly decrease of the adsorption
of AB92. The pH is one of the main variables
which affects the surface charge of adsorbent, the
degree of ionization of the material present in the
solution and the dissociation of functional groups
on the active sites of the adsorbent as well as the
solution dye chemistry[37]. In fact, pH controls the
adsorption of dyes onto suspended particles
because both adsorbed molecules and adsorbent
particles may have functional groups which are
affected by the concentration of H+ ions in the
solution and are involved in the molecular
adsorption process at the active sites of
adsorbent[6]. Several investigations have also
shown that the Azolla biomass will have higher
adsorption at low pH values[38, 39] and similar
results are shown using removal dyes on another
adsorbent[5, 6].

FIGURE 5
Effect of initial dye concentrations on the
biosorption of AB92 dye (biosorbent dose: 0.7
g/100 mL, Temp: 30 °C, shaking speed: 180 rpm,
contact time: 75 min, pH: 3).

Effect of adsorbent dosage. The experimental results of sorption of AB92 on Azolla
filiculoides at various biomass dose are shown in
Fig.7.As the biomass weight was increased from 1
to 10 g/L, the equilibrium adsorption capacity (qe)
decreased from 3.2 to 0.98 mg/g; whereas, the
AB92 removal efficiency increases from 32% to
99%. The increase in % removal was due to the
increase of the available sorption surface and
availability of more adsorption sites. A similar
behavior was reported for the adsorption of acid
orange 7 on dried Rice Stem[6] and Acid Blue 113
on canola biomass[5].
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Where qe is the amount of biosorbed dye at
equilibrium (mg/g); Ce is the equilibrium
concentration of the dye (mg/L); qm (mg/g) is the
maximum theoretical biosorption capacity and K L
(L/mg) is a measure of biosorption energy that is
indicated on the affinity between biosorbent and
sorbate.
The Freundlich equation is given by the
following Eq 3 [41]
Log x/m = 1/n log Ce + log KF

Where qe is the biosorbed dye at the equilibrium
(mg/g); Ce is the equilibrium concentration of the
dye (mg/L); KF is a constant, indicative of
biosorption capacity.

FIGURE 6
Effect of pH on on the biosorption of AB92 dye
(Biosorbent dose: 0.7 g/100 mL, Co: 10 mg/L,
Temp: 30 °C, shaking speed: 180 rpm, contact
time: 75 min).

The Temkin isotherm has been used by the
following Eq. 4 [42, 43] :

Adsorption isotherms. The biosorption of
sorbate (AB92) onto the adsorbent (dried Azolla)
was modeled using the Langmuir Freundlich
Temkin and Redlich±Peterson equations. The
Langmuir equation is applicable to homogeneous
sorption where the sorption of each molecule has
equal sorption activation energy. The Freundlich
equation agrees well with the Langmuir equation
over moderate concentration ranges but, unlike the
Langmuir expression, it does not reduce to the
linear isRWKHUP +HQU\¶V ODZ  DW ORZ VXUIDFH
coverage. Both these theories suffer from the
disadvantage that equilibrium data over a wide
concentration range cannot be fitted with a single
set of constants. Temkin considered the effects of
some indirect adsorbate/adsorbate interactions on
adsorption isotherms and suggested that the heat of
adsorption of all the molecules in the layer would
decrease linearly with coverage because of these
interactions [12].
Adsorption isotherm experiments were
conducted by equilibrating modified azolla in
Erlenmeyer flasks containing 100 mL of dye
solutions in different initial dye concentrations (10±
500 mg/L). The mixture was stirred magnetically at
120 rpm until reaching equilibrium by varying the
temperature range of 3050 °C. After equilibrium,
the samples were centrifuged and analyzed for
residual dye concentrations. The amounts of each
dye adsorbed by the modified azolla were
calculated using Eq.(1). The equilibrium of
adsorption was evaluated by using the following
isotherm models.
The Langmuir isotherm is presented the Eq 2
[40].
Ce / qe =1/qm KL + Ce / qm

(3)

=B1ln (kt) + B1ln (Ce)

(4)

A plot of qe versus ln Ce enables the
determination of the constants A and B. The
constant B is related to the heat of adsorption.
The Redlich±Peterson equation is given by the
following Eq 5[44, 45]
Ln (KR Ce / qe-1) = ln aR + ln Ce

(5)

Where KR (L/g) and aR (L/mg) are the R±P
is the exponent which has a value
constants:
between 0 and 1 and Ce the equilibrium liquid
phase concentration (mg/L).
The isotherms constants are presented in Table
2. It can be conclude that the Langmuir isotherm
model was more suitable than other isotherms with
regarding to high value of calculated correlation
coefficient (R2 = 0.999, R2 = 0.998 and R2 =
0.994). The correlation coefficient(R2) for
Freundlich isotherm was 0.908 0.921 and 0.942 in
temperature 30, 40 and 50 °C which was slightly
lesser than the obtained R2 value from the Temkin
Langmuir and Redlich±Peterson equations and it
indicates that the Langmuir model better fitted the
equilibrium obtained in this study. This suggested
that the biosorption of AB92 onto dried Azolla
filiculoides may be due to monolayer biosorption
dye molecules onto the surface of the biomass. In
this study the obtained qe value in concentration of
500 mg/L was 39.3 mg/g which this value is greater
than obtained qe for Lemna (9.8mg/g), Canola
(17.8mg/g) and Rice Stem (10.2mg/g) that it
probably is due to presence of greater specific
surface area in azolla adsorbent [5, 6, 23].

(2)
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(6)

Where qe and q are the amounts of Acid Blue 92
adsorbed (mg/g) at equilibrium and at time t (min),
respectively, and k1 is the rate constant of
DGVRUSWLRQ PLQí  Values of k1 were calculated
IURPWKHSORWVRIORJ THíT YHUVXV W IRUGLIIHUHQW
concentrations.
Also the pseudo-second-order rate equation
has been given by equation 7 [39, 48]
dq / dt = k2 (qe íT

2

(7)

Where K2 is the second order rate constant (g mg
íPLQí TDQGTHDUHWKHDPRXQWRIWKHDGVRUEHG
on the adsorbent (mg/g) at equilibrium and at time
t, respectively. The R2 of kinetic models suggested
that the pseudo second-order model mechanism is
predominant which it means the uptake process
follows the pseudo-second-order expression with
correlation coefficients greater than 0.998The
correlation coefficient of pseudo second- order
model was better than the first order model
correlation coefficients which it was consistent with
another studies on dyes removal by another
adsorbent[6, 49].

FIGURE 7
Effect of biosorbent dose on the biosorption of of
AB92 dye (pH: 3, Co: 10 mg/L, Temp: 30 °C,
shaking speed: 180 rpm, contact time: 75 min).

Adsorption kinetics. Kinetic models are used
to examine the rate of the adsorption process and
potential rate controlling step. In present work,
obtained kinetic data from batch studies have been
analyzed by using the pseudo second-order and
pseudo First-order model.
The pseudo-first-order rate equation is
expressed as Eq 6 [46, 47]:

TABLE 2
Isotherm model parameters for the removal of AB92 by modified azolla.
tem
30 °C
40 °C
50 °C

 qm
39.3
37.5
34.4

Langmuir
 RL
R2
0.41
0.999
0.38
0.998
0.32
0.994

KL
0.24
0.45
0.56

n
1.67
1.49
1.18

Freundlich
KF
 R2
5.72
0.908
6.41
0.921
7.44
0.942

Redlich±Peterson
KR
aR
R2
0.1
2.17
0.976
0.11
1.94
0.964
0.13
1.76
0.952

B
4.6
5.2
6.1

TABLE 3
The adsorption kinetic model constants for the removal AB92.

co(mg/l)
50
100
200
500

Pseudo second-order model
R2
q(mg gí)
(g/mg min)
0.092
0.998
7.1
0.0088
0.998
12.4
0.0053
0.999
19.8
0.0017 0.999
39.3
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Pseudo first-order model
R2
q mg/g)
(1/ min)
0.1806
0.882
5.42
0.0396
0.914
9.84
0.0408
0.936
16.1
0.0283
0.949
31.7

Tempkin
 kt
R2
3.21
0.991
2.17
0.982
1.74
0.973
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Langmuir adsorption isotherm with maximum
adsorption capacity of 39.3 mg/g. The adsorption
kinetics can be predicted by pseudo-second-order
kinetic. Thermodynamic analyses indicated that the
adsorption of AB92 onto Azolla filiculoides was
endothermic and spontaneous The results of the
present investigation indicated that Azolla
filicoloides, a low-cost adsorbent, could be
employed as an alternative to commercial-activated
carbon for the removal of dyes from aqueous
solutions.

Thermodynamics studies. The thermosdynamic data reflects the feasibility and
favorabilityof the adsorption. The parameters such
as free energy change G0, enthalpy change H0
and entropy change S0 can be estimated by the
change of equilibrium constants with temperature.
The free energy change of the adsorptionreaction is
given by:
DG0



-RT LnK

where DG0 is the free energy change (kj/mol), R is
the universal gas constant (8.314 J/mol K), T is the
absolute temperature K and K states the equilibrium
constant (qe/Ce). The values of H0 and S0 can be
FDOFXODWHGIURPWKH9DQ¶W+RIIHTXDWLRQ[50].

Ln k=
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importance
in
assessing
relevant
policy
interventions, redirecting policy tools and/or
designing the conceptual bases of future scenarios.
Land use/cover changes and their sectoral impacts
are very dynamic, both in time and in space. Thus,
the spatial aspects of these systems play a crucial
role in understanding the complex nature of land
dynamics.
A series of studies focused in the last decade
on land use/cover issues and the experienced
change dynamics in Europe, especially after the
release of European datasets on land cover. A
recent study analyzed land cover changes observed
in Europe between the years 1990 and 2000 and
defined relevant land cover flows as the processes
of land cover change [1]. In this study, 44x43=1892
possible one-to-one changes between 44 different
land cover classes in the Corine Land Cover (CLC)
dataset were grouped into the flows of land cover
and were organized in three levels of information to
aid policy-making about the processes taking place
over the land.
As part of ex-ante assessment approaches to
describe future conditions on land, some other
studies focused on potential forces that drive
landscape changes and on predictions for the future
instead of solely identifying the changes [2].
Verburg et al [3] developed a series of land use
change scenarios for the period 2000-2030 and
simulated agricultural abandonment, agricultural
expansion and urbanization as main processes of
land use change in Europe under the given
scenarios. Houet et al [4] developed a framework
by coupling scenarios and landscape modelling on
two contrasting study sites that experienced
agricultural intensification.
The presented study considers spatial statistics
for depicting urban and agricultural land cover
distribution in Turkey and gives some insights into
relevant land development patterns. In the study,
land cover accounts and the changes experienced in
two data periods, 1990-2000 and 2000-2006, were
analyzed as proxy to the associated land uses. Some
assessments on major land-driven economic and
environmental records were additionally conducted
by giving reference to them as potentially landdependent variables.

ABSTRACT
In order for assessing potential impacts of land
development policies and orienting new policy
actions for sustainable development, identification
of spatial patterns in land use/cover and active
drivers of change holds primary importance. As
urban development and agricultural activities still
have major roles in planning policy interventions in
Turkey, spatial assessments on such land uses, on
the experienced land cover flows and their
organically linked functions need to be properly
integrated into ex-ante/post policy analyses. A
series of studies focused in the last decade on land
use/cover issues and change dynamics especially
after releases of European datasets on land cover.
The presented study employs a number of spatial
statistics for mainly exploring urban- and
agriculture-related land cover changes in Turkey as
part of the spatial assessments in relation to
dependent economic and environmental variables.
The assessments cover two data periods, 1990-2000
and 2000-2006. The results expose spatially explicit
features on the distribution of urban/agricultural
land cover in Turkey through a number of
centrographic statistics and spatial autocorrelation
measures. The results are aimed to better
understand spatio-temporal trends and unveil
spatially-clustered behaviours of different regions
in reacting to the mechanisms that drive land cover
changes.

KEYWORDS:
Land cover, urban/agricultural land, land cover flows,
spatial statistics

INTRODUCTION
Spatial and temporal characteristics of land
uses and associated changes in land cover provide
significant sources of information for unfolding the
expected/observed impacts of policies before and/or
after imposing new policy actions and instruments
on the topic of land. Indeed, understanding global
and regional dynamics on land use/cover changes
through exploratory data analyses holds key
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from the x and y coordinates of the input features
and provides a single-point summary measure for
the spatial distributions. Mean centers are located
on points where both the sum of all differences
between the mean X coordinate and all other X
coordinates is zero and the sum of all differences
between the mean Y coordinate and all other Y
coordinates is zero. The centroids of grid elements
(of 100 ha. size) were used in the study as the
reference grid for depicting land cover units and the
percentage of any land cover inside (urban or
agricultural) were considered as inputs when
calculating the weighted mean centers for the
corresponding land cover types. Equations for

MATERIALS AND METHODS
Corine Database for Depicting Land Cover
in Europe.
CORINE (Co-ordination of
Information on the Environment) Land Cover
database is the most fundamental dataset employed
in the study and is one of the main outputs
generated from the I&CLC2000 project which was
jointly coordinated by the European Environment
Agency (EEA) and the DG Joint Research Center
(JRC) of the European Commission (EC).
CLC2000 data set, for which the CLC1990
inventory and its updates are key reference data
sets, provides an inventory of the Earth surface
features for managing the environment. As only the
features that are relatively stable in time were
basically mapped while generating the CLC data, it
does not indicate diurnal, seasonal, or short-term
changes (e.g., vegetation cycle or flooding). The
CLC2000 data that was updated from the CLC1990
data is for the year 2000, with plus or minus a few
years. The minimum unit for inventory is 25 ha and
the minimum width of linear features (e.g., water
courses) is only 100 m, meaning that the features
and the land cover units smaller than this size were
aggregated into a relevant neighbour type [5]. CLC
data for the reference year 2006 (CLC2006) is a
direct continuation of previous CLC mapping
campaigns and was produced by integrating the
information of land cover changes in the period
2000-2006 with the land cover map from the year
2000.

determining the weighted mean X ( & ) and Y ( 8 )
coordinates are given as

&

¦W X
¦W
i

i

i

i

i

;

8

¦W Y
¦W

i i

i

i

i

where, in the land-cover context, Xi and Yi are the
coordinates of each reference land unit (i.e. square
grid element) and Wi is the weight that is actually
the percent coverage of any land-cover type inside
the unit reference (Fig. 1). Mean center calculations
were used in the study to observe the directional
shifts from 1990 to 2000 and from 2000 to 2006 for
two main land cover types in Turkey and to make
comparisons between different periods.
The standard deviational ellipse (also called
the directional distribution) is a good single
measure of the dispersion of incidents around the
mean center and it captures any available
directional bias [6, 7]. It is a powerful spatial
statistic to show the dispersion of land cover types
in two dimensions and thus it is able to account for
irregularities in the landscape. An ellipse measures
the shape and orientation of the distribution by
summarising the maximum and the minimum
variance along the x- and y-axes and is able to
unfold a non-uniform arrangement of events
(distribution of a certain land-cover type in this
case) [8, 9]. It indicates the major axis as the
direction of maximum spread of the incidents and
the minor axis as the direction of minimum spread.
As part of the assessments covered in the study,
standard deviational ellipses were used to
determine the maximum and the minimum spread
directions of the land cover types and to investigate
how well they follow the geographic distribution of
the territorial land (i.e. if the land cover is evenly
distributed within the national/regional territories,
or concentrated on some parts instead).

Spatial Statistics for Assessing Land Cover
Dynamics.
Spatial summary statistics for
administrative units (e.g. totals or averages within
administrative districts) provide an overview of
land processes. Extracting information from the
maps, however, mostly depends on visual
inspection. In order to explain distributional
characteristics of different land-use/cover patterns
and look for trends in land changes, other types of
spatial measures are also required. The most basic
types of descriptors for spatial distributions (socalled centrographic statistics) include mean center
(or weighted mean center), median center, standard
distance deviation and standard deviational ellipse.
Two of these spatial statistics, weighted mean
center and standard deviational ellipse, were used
in the presented study to assess certain spatial
characteristics of the land processes considered.
The mean center, also called the center of
gravity, is the most basic descriptor of spatial
distributions. It is an average point constructed
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FIGURE 1
Spatial distribution of a specific land cover displayed over the reference grid and the grid elements
used for mean center computation.

(a)

(b)

FIGURE 2
Weighted mean centers and directional distributions of (a) national territorial land and (b) regional
NUTS 1-level statistical units in Turkey.

Prior to exploratory surveys based on the
directional distributions, reference ellipses also
need to be constructed from the national/regional
territories of the land since they are the primary
determinants of the spatial extent of any land-cover
type under consideration. This is a very similar
process to those applied for the land-cover types,
but is implemented by using the spatial extent of
national territories instead of only the occupied land
by any cover type. To this end, the mean centers
and the standard deviational ellipses were
additionally computed from the grid elements (in
both X- and Y-directions) that belong to the
national territory (Fig. 2(a)) and each of the regions
separately (Fig. 2(b)). 1st-level regions (NUTS-1)
were constructed from the sub-regions designated
in the 2nd-level (NUTS-2) based on the NUTS
(Nomenclature of territorial units for statistics)
statistical definitions by the Statistical Office of the
European Union, Eurostat.

Spatial Autocorrelation for Major Land
Cover Flows. Due to limitations with the available
spatial display options and improper selections
while classifying regional figures, it is not always
easy to see how a region has behaved under the
given land processes and/or whether any processes
have affected different regions or clusters of
regions in different ways. In this regard, the general
behaviours of the NUTS-3 regions were explored in
the
study
by
investigating
similarities/dissimilarities (or spatial correlations)
between the regional change figures for urban and
agriculture-related land-cover processes in Turkey
as a whole. To this end, an important
methodological approach that is relevant to the
conceptual definition of land accounts and the
associated land cover flows (LCF) [1] was
embedded into the presented study. The top level
classification of flows, which distinguishes the
changes between broad land cover classes and the
changes internal to these classes, contains a total of
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computed each time with a different set of random
numbers for the number of permutations specified
[12].

nine flows given in Table 1. In the study, those only
relating to the urban residential sprawl (LCF2) and
conversion to agriculture (LCF5) were considered
for the targeted spatial assessments.
Statistically significant local clustering was
explored through the use of local Moran`s I test
statistic and displayed in the maps of the local
indicators of spatial association (LISA) proposed
by Anselin [10, 11]. While generating a LISA map
based on the computed local statistics, a randomization approach is used to generate a spatially
random reference distribution to assess statistical
significance in the context of a numeric
permutation approach. Permutations are used to
determine how likely it would be to observe the
Moran's I value of an actual distribution under
conditions of spatial randomness. This is achieved
by assigning a vector of randomly generated
numbers for each observation to randomly relocate
them in space. In order to generate a random
reference distribution of Moran's I, the statistic is

RESULTS AND DISCUSSION
For examining urban and agricultural land
cover dynamics in Turkey, two major types of landcover among the CLC Level 1 classes were
considered in the study: (1) artificial surfaces (as
proxy to urban areas, excluding mine, dump,
construction sites and artificial, non-agricultural
vegetated areas) and (2) agricultural areas
(excluding agro-forestry areas). Their sub-classes
are given in Table 2. The centroids for all grid
elements of 1 km2 (or 100 ha) size were considered
as a set of computation points and the percentages
of a selected land-cover type (e.g. agriculture) in all
square grid elements were used as weights.

TABLE 1
The classification of the major types of land cover flows (LCFs).
Major type of land-cover change

Code

Urban land management

LCF1

Urban residential sprawl

LCF2

Extension of economic sites and infrastructures

LCF3

Agriculture internal conversions

LCF4

Conversion from forested and natural land to agriculture

LCF5

Withdrawal of farming

LCF6

Forests creation and management

LCF7

Water body creation and management

LCF8

Changes of land cover due to natural and multiple causes

LCF9

TABLE 2
CLC classes used in spatial analyses.

Land Cover

Urban

Agricultural

Corresponding CLC Type
Level 1

Level 2

Level 3

1. Artificial
surfaces

1.1. Urban fabric

1.1.1 and 1.1.2,

1.2. Industrial, commercial and transport units

1.2.1, 1.2.2, 1.2.3 and 1.2.4

2.1. Arable land

2.1.1, 2.1.2, and 2.1.3

2.2. Permanent crops

2.2.1, 2.2.2, and 2.2.3

2.3. Pastures

2.3.1

2.4. Heterogeneous agricultural areas

2.4.1, 2.4.2, 2.4.3 and 2.4.4

2.
Agricultural
areas
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possible to observe some little shift and counterclockwise orientation change in the standard
deviational ellipse when both years are compared
(Fig. 4(b)).
Analyses of the spatial distributions of land
cover types are important for understanding where
the economic activities linked to those land uses
have been concentrated, and how these activities
have evolved in time. They can also elucidate
relationships with the changes experienced in other
land cover types during such developments, while
indicating for example, whether increasing
population pressures or economy-driven land
activities were enhanced at the expense of natural
or fertile land, or whether natural resources and
economic activities showed convergent patterns in
a kind of balanced development in course of time.
In this respect, spatial distribution patterns of some
related economic and physically dependent
variables were also analyzed in the presented study.
To this end, two indicators of the amount of
collected municipal waste (CMW) and the total
discharge of wastewater collected from the sewer
system (Ww) were additionally considered spatially
in comparison to the sprawl of urban areas.
Statistical data records received from the online
data repository of Turkish Statistical Institute [13]
were spatially assigned to the NUTS-2 level
provinces in Turkey and spatial statistical
assessments through centrographic statistics were
repeated. Figs. 5(a) and 5(b) show the mean centers
and standard deviational ellipses, both of which
were weighted by the total quantities of municipal
waste collected in these administrative units
(recorded in 1000 tons), for the years 2000 and
2006, respectively. The results are given in
conjunction with those of urban land cover in both
years.

Changes/shifts in the weighted mean centers
of the land-cover types, which were computed from
the centroids of grid elements and by using
corresponding land cover weights, were then
explored for Turkey's national territory in order to
get some clues about future spatial trends. For these
assessments, the weighted mean centers were
calculated for the years 1990, 2000 and 2006, as
well as the mean centers and the standard
deviations of the centroid coordinates of all grid
elements (in both X- and Y-directions) that belong
to national/regional territories.
The directional distributions (standard
deviational ellipses) that correspond to each
primary land-cover type were explored again for
the years 1990, 2000 and 2006. Here, the major
axis shows the direction of maximum dispersion of
the investigated land-cover type while the minor
axis indicates that of the minimum dispersion. The
ellipses allowed observing if the spatial distribution
of any land-cover has a specific spread along any
direction and hence has a particular orientation. In
this sense, urban land cover in Turkey shows an
eccentric distribution toward the western and northwestern regions (Fig. 3(a)). Comparative
assessment between the years 1990 and 2006
supports the argument that this eccentric
development still persists and is even slightly
increased with the urban mean center shifted more
to the north-west (Fig. 3(b)).
Similar to the eccentric development pattern
with regard to urban areas in Turkey, agricultural
mean center is also slightly shifted to the west (Fig.
4(a)). Potentially due to comparably limited change
dynamics of agricultural areas or spatially balanced
rates in withdrawal of and conversion to
agricultural land between the years 1990 and 2006,
no significant changes are observed in the weighted
mean center of agricultural land cover. It is still

(b)

(a)

FIGURE 3
Weighted mean center and directional distribution of (a) urban land cover in 1990 against the spatial
statistics of national territory and of (b) urban land cover in 2006 in comparison to the year 1990.
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(b)

(a)

FIGURE 4
Weighted mean center and directional distribution of (a) agricultural land cover in 1990 against the
spatial statistics of national territory and (b) agricultural land cover in 2006 in comparison to the year
1990.

(a)

(b)

FIGURE 5
Spatial distribution of the collected municipal waste in (a) 2000 and (b) 2006 against the urban land
distribution.

FIGURE 6
Spatial distribution of the wastewater discharges in 2006 against the urban land distribution.

crop production value (CPV) was integrated into
the spatio-temporal assessments conducted in terms
of agricultural land cover in the study (Fig. 7).
Despite almost centric distribution of agricultural
land cover in Turkey, the performed analyses on
CPV for the years 2000 and 2006 show that
economic value of the crop products from the
agricultural land sources in Turkey holds a rather
distorted pattern toward the south-west of Turkey.
When the economic characteristics of the
agricultural production in considered in the context
of added values of crops produced, this eccentric

Observed differences in central tendency and
directional distribution of the wastewater discharge
quantities for the NUTS-2 provinces in 2006 are
displayed in Fig. 6 against the spatial distribution
metrics of urban land cover of the same year. Both
indicators generated from the municipal solid waste
and wastewater collected from the provinces unfold
a more shifted pattern than originally eccentric
distribution for urban land cover in the national
territory.
A separate spatial statistic that relates to the
use of agricultural land for economic purposes,
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regions. Attraction capacities of major economic
activities in some urban economic epicenters are
more visible in the hinterland, e.g. for the East
Marmara (TR4) and West Black Sea (TR8) regions.
Directional distribution pattern of agricultural land
inside the major regions in Turkey is quite
distinctive such that similar trend as in the urban
distribution is repeated in some of the regions (e.g.,
Central and South-East Anatolia), while an opposite
spatial trend behaviour appears in some others (e.g.
Aegean and East Marmara regions) (Fig. 9).
Land cover flows for the periods 1990-2000
and 2000-2006 were generated by first finding the
intersection of source and target combinations of
land cover types that are specifically assigned to
different flows. In LCF2, for example, the
combination of the selected types for urban land
cover (1.1.1, 1.1.2, 1.2.1, 1.2.2, 1.2.3 and 1.2.4)
was accounted as the target combination while
other land cover types with a probability to change
into artificial surfaces constituted the source
combination for urban sprawl. From this
intersection, land cover changes inside NUTS-3
administrative units (i.e., small districts) were
quantified by computing the change areas. Figs. 10
and 11 show the rates of urban residential sprawl
and conversion from other land uses into
agriculture in NUTS-3 units, respectively.

development can be well explained by referring to
the descriptive figures for the shares of Turkey's
geographic regions in the total added value of the
agriculture sector. Indeed, higher outlooks with the
percent shares of 20.04 for the Aegean, 17.65 for
the Mediterranean, 15.32 for the Central Anatolian
and 14.97 for the Marmara regions in 2000 against
the comparably lower percentages with 10.79 for
the South Anatolian and 6.55 for the East Anatolia
regions [14, 15] should normally result in such a
shift in the CPV center that deviated from the mean
center of the agricultural land cover.
The analyses described above provide certain
indications on the spatial dynamics of major land
related processes as well as potentially related
economic processes in Turkey. However, these
figures are only indicative at national level and do
not communicate much about the processes
occurring locally or between the regions. For this
reason, some regional assessments were
additionally conducted at the NUTS-1 regional
scale. Fig. 8 indicates directional distributions of
urban land that were considered regionally inside
the twelve NUTS-1 regions for Turkey. The results
make explicit that there is a spatial trend mostly for
the coastal regions such that urban mean centers
divert from the territorial centroids toward the
coastline, especially in western and southern

(b)
FIGURE 7
Spatial distribution of the crop product values in (a) 2000 and (b) 2006 against the agri. land.
(a)

FIGURE 8
Weighted mean centers and standard deviational ellipses for urban land in NUTS-1 regions.
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FIGURE 9
Weighted mean centers and standard deviational ellipses for agri. land in NUTS-1 regions.

FIGURE 10
Urban residential sprawl in NUTS-3 regions.

change rates surrounded by low rates and low rates
surrounded by high change quantities are shown as
high-low and low-high relationships.
The clustered pattern with respect to the rates
of urban residential sprawl experienced in different
parts of Turkey seems to be in great accordance
with the results achieved in the study by Tekeli
[16]. Although Tekeli dissimilarly studied the
developments in population distributions for
Turkey in the period 1935-2000 to estimate the
spatial patterns through the use of certain spatial
metrics, the similarities in distribution patterns
around the year 2000 in both studies sufficiently
signify that land cover flows in the context of urban
sprawl conformed to the spatial distribution of
population densities in Turkey. Indeed, the
clustered administrative polygons with higher
values along the transect of Ankara and Konya
provinces (shown in red) as well as the other cluster
groups, but commonly with lower values (in blue),
around Kastamonu and Sinop provinces, along the
Eastern Black Sea region and in parts further down
to cover Erzincan and Tunceli provinces
substantially follow the outputs of the given
previous study (Fig. 12(b)).
Although there are strong needs for
assessments in different scales about diverse
rurality aspects and the associated development
dynamics in Turkey [17], the number of studies that
conduct rural analyses is still inadequate and they

The analyses were designed to see how similar
or how different the neighbouring, or in more
general words, the connected regions behaved
during the periods 1990-2000 and 2000-2006 as
regards the two land cover processes, LCF2 and
LCF5, observed in both periods. Spatial
autocorrelation analyses were used to identify the
characters of similarities or dissimilarities between
neighbouring regions and to capture the extent of
overall clustering at the regional level, as well as
the locations of clusters and spatial outliers. In
examining the dynamic nature of land-cover
processes in Turkey, LISA maps are particularly
useful to see whether the patterns of land-cover
change are distributed in a way that cannot be
considered spatially random, and then to identify
regional clusters as hot/cold spots for the changes.
Fig. 12(a) shows the LISA map based on the urban
residential sprawl (LCF2). From the statistically
significant and meaningful cluster organizations in
the map, it is apparent that the most prominent high
clusters (i.e. comparably higher rates of urban
residential expansion) are located in West Anatolia
(TR5), Istanbul (TR1) and partly in Mediterranean
(TR6) region around the province of Antalya
against the cold clusters that appeared greatly in
East Black Sea (TR9) and partially in West Black
Sea (TR8), Central East Anatolia (TRB) and
Southeast Anatolia (TRC) regions. In the figure, hot
and cold spots that respectively indicate high

1339

E\363

9ROXPH²1RSDJHV

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

together with its associated local/global processes
of change is an important determinant for regional
development and for the ways it is shaped through
policy implementations. In this regard, any proper
assessment on land use needs a thorough
understanding of local/global quantities of land
use/cover changes, potential mechanisms that drive
changes, the similarities and clustered behaviour of
the regions which experienced these changes.
It is obvious that the changes in human and
biophysical dynamics have considerable impacts on
the land use changes observed in a region. This
requires comprehensive assessments of physical,
social, economic, cultural and/or environmental
factors potentially driving/accelerating the changes.
The detection of trends and/or randomness in a
specific land-cover change process experienced by
regions and the characterization of dynamic and/or
stagnant regions with respect to the intensities of
land-cover change are important in the general
framework of a comprehensive assessment.

mostly disregard spatial information. Thus, the
presented study aimed to reveal some spatial
dynamics in agricultural land to help decisionmaking. The study outputs with regard to the land
cover flows toward agricultural land formation
indicated that statistically clustered high flows
seem to have been partly experienced in Aegean
(TR3), West Anatolia (TR5), Central Anatolia
(TR7) and Central East Anatolia (TRB) regions
while low flow clusters were formed mostly along
the coastal districts in East Black Sea region and
the highly populated districts of the Istanbul region
on both sides of Bosphorus. High-low and low-high
spatial outliers are quite scattered, but mostly
linked to the cluster groups determined from the
spatial autocorrelation analysis (Fig. 13).

CONCLUSIONS
Apart from its significance as an important
driver on global environment change, land use

FIGURE 11
Conversion to agriculture in NUTS-3 regions.

(b)

(a)

FIGURE 12
(a) LISA clusters for the urban residential sprawl in NUTS-3 regions in the period 1990-2000;
(b) spatial moment curves for the population distribution in 2000 described by Tekeli [16].
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FIGURE 13
LISA clusters for conversion to agriculture in NUTS-3 regions.

between the actual land cover changes and the
changes in their potential drivers, both in temporal
and spatial scales. Besides, similar assessments
need to be repeated in the spatial scale not only for
understanding the regional change character of a
single land cover flow in each assessment, but also
for clarifying the links between different landrelated processes. These may include assessments
to understand the impacts of urban residential
sprawl on farming and forestry at the urban fringe,
or parallel development of agriculture and water
resources to support agricultural water use, for
example. The availability of spatial data with
sufficient accuracy and a proper coverage is another
important aspect while performing these kinds of
partial or complete assessments on land use/cover,
providing that the continuation of and
improvements in data collection systems and data
products are secured with regular updates of
databases in different scales.

The results provide an overview of different
land cover issues and the change mechanisms
relating to corresponding land cover flows as well
as the characterization of smaller regions based on
their clustered behaviours in this context.
It is noteworthy that the performed
assessments do not consider any similarity between
the factors that originally drive the changes. They
are only based on statistical analysis of the
observed changes. Originally, patterns of land use,
land-cover change, and land management are
shaped by the interaction of economic,
environmental, social, political, and technological
forces in local to global scales. Thus, for more
detailed assessments, the statistical analysis of
change rates needs to be integrated with more
extensive assessments that focus more on potential
drivers of land-related changes, such as socioeconomic factors, policy interventions on land use,
etc. This can be achieved by performing
complementary analyses that look for correlations
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EVALUATION OF CHEMICAL COMPOSITION AND BIOGAS
PRODUCTION FROM LEGUMES AND PERENNIAL
GRASSES IN ANAEROBIC DIGESTION USING THE OXITOP
SYSTEM
Alvyra Slepetiene, Jonas Slepetys, Vita Tilvikiene, Kristina Amaleviciute, Inga Liaudanskiene, Jurgita
Ceseviciene, Zydre Kadziuliene, Zenonas Dabkevicius, Raimonda Buliauskaite
Institute of Agriculture, Lithuanian Research Centre for Agriculture and Forestry (LRCAF), Kedainiai district, 58344, Akademija, Lithuania

renewable sources in overall community energy
consumption by 2020 [2]. Biomass is produced by
green plants converting sunlight into plant material
through photosynthesis and includes all land- and
water-based vegetation. Using biomass for energy
is a way of harnessing solar energy. Biomass is a
complex mixture primarily of more or less
polymerised sugars, lipids, lignin, proteins and
organic acids in varying proportions, in which the
solar energy is stored in chemical bonds.
Anaerobic digestion is a biological process
wherein diverse group of microorganism
decompose the complex organic matter in the
absence of oxygen. Thermochemical conversion
destroys every component in biomass converting it
to CO2, CO, H2, CH4, NOX and water in various
amounts. Methane fermentation technologies
exhibit higher specificity: lignin is not converted,
34±92% of proteins are hydrolysed and fermented
depending on various conditions, 70±95% of lipids,
65±70% of polymerised sugars and ~95% of sugar
oligomers are destroyed [3].
Lithuania has limited fossil energy resources
of its own. The main source of electricity
production in Lithuania was Ignalina NPP until
2010. Closure of this nuclear power plant decreased
the diversification of energy supply. In recent years
a particular attention has been paid to the
productivity of local and introduced plant species
with high energy value and the ability to use them
as a solid biofuel [4,5].
Cocksfoot (Dactylis glomerata L.) is one of
the oldest and most-common perennial fodder
grasses in Lithuania. Because of the changing
trends in farming, the use of grassland for fodder
has decreased. Cocksfoot could be described as
grass with very good re-growth, high concentration
of NDF and low concentration of ADF in the
biomass. According to the biomass yield and
quality, the cocksfoot varieties could be used for
biogas production [6;7;8;9]. Legume crops are a
suitable source for biogas production and it is
generally accepted that their growing significantly
improves soil fertility in contrast to maize growing
[10]. Fodder galega (Galega orientalis Lam.) is one

ABSTRACT
The present study was aimed at setting up and
testing an experimental procedure to evaluate the
anaerobic degradability of grasses and legumes by
short term batch tests. The experiment was
performed with the manometric OxiTop Control
system. Biogas release of the 3 plant species
(cocksfoot, lucerne and and fodder galega) of the
3rd cut was influenced by their chemical
composition. The greatest differences between
species were obtained in nitrogen, water soluble
carbohydrates, hemicellulose and cellulose.
Cocksfoot biomass had the lowest ADL
concentration and the highest hemicellulose
content, which was 3.5 times higher than that of
lucerne and 11.0 times higher than that of fodder
galega. According to the chemical composition,
cocksfoot seems to be the most appropriate
feedstock for biogas production, because it contains
the lowest concentration of ADL, ADF and ash, the
highest concentration of NDF and hemicellulose,
WSC and the most appropriate C:N. The curve of
biogas production from legumes, which contain
more nitrogen and proteins, less hemicellulose was
sharper, but biogas pressure was more than twice
lower compared to that of cocksfoot. It was
concluded that perennial grass cocksfoot of the late
(3rd) cut was proved to be much more suitable for
the biogas production compared to the legumes
lucerne and fodder galega.

KEYWORDS:
Anaerobic digestion; biogas production; OxiTop;
chemical composition; cocksfoot; fodder galega; lucerne

INTRODUCTION
Biomass has always been a major source of
energy for mankind and is presently estimated to
contribute of the order 10± RI WKH ZRUOG¶V
energy supply [1]. Directive 2009/28/EC of the
European Parliament and the Council endorsed a
mandatory target of a 20% share of energy from
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impact on the environment. The use of legumes
could reduce the need for commercial fertilizers
and increase the effectiveness of anaerobic
digestion, but the biogas productivity of those crops
is not clear.
The main task of this work was to evaluate the
variation of chemical composition of the selected
grasses and legumes and to determine biogas
production in the laboratory conditions using the
OxiTop system.

of the less investigated perennial legumes, but the
interest in this legume has increased in Lithuania
recently, because farmers are looking for new
legumes characterized by longevity and high
adaptability to growing conditions. Under
/LWKXDQLD¶VFOLPDWLFFRQGLWLRQVIRdder galega is the
most long-lived legume exhibiting the best
overwinter survival. As many as three new
Lithuanian fodder JDOHJD YDULHWLHV µ9LGPDQWDL¶
µ/DXNLDL¶ DQG µ0HOVYLDL¶ KDYH EHHQ registered in
Lithuania over the recent years [10].
However, the Estonian fodder galega variety
µ*DOH¶ ZKLFK has spread in Lithuania on a larger
scale during the last three decades, still accounts for
the largest production area. Although official
statistics are not available, the collected data
suggest that the total galega production area in
Lithuania amounts to over 3 thousand hectares and
tends to further increase [12]. In the second harvest
year, the swards of fodder galega cut three times
produced a dry mass yield (DMY) of 6.51 t ha-1 and
11.28 t ha-1 DMY in the tenth year of use and such
DMY is suitable for biogas production. Lucerne
(Medicago sativa L.) is the highest yielding and
most valuable perennial legume species grown in
Baltic countries on fertile not acidic soils.
Sanderson et al. (2008) reported that lucerne is one
of the oldest fodder crops whose biomass could be
suitable for bioenergy [13].
Fertilization, especially nitrogen, has a
considerable effect on the formation of swards and
on the concentration of chemical elements in the
biomass. The effect of fertilization on biomass yield
and quality is highly variable and depends on the
form of nitrogen fertilizer and application time
[14;15;16].
Cocksfoot
assimilates
nitrogen
efficiently [16]. Tilvikiene et al. (2014) have
reported that biomass yield of cocksfoot is more
than twice as high in the swards fertilized with N180
than in unfertilized swards [17] /HPHåLHQơ HW DO
(1998) suggest that annual biomass yield of
cocksfoot, fertilized with mineral nitrogen fertilizer
N150, ranged between 9.3 - 16 t ha-1 depending on
the weather conditions; which means that weather
conditions, especially humidity, have a marked
effect on biomass accumulation [6]. In contrast,
legumes have high rates of N fixation, which is
consistent with its high yield and protein content
[18]. Alfalfa is a perennial plant forming very deep
roots and is specialist cutting crop. The deep
rooting habit renders it one of the most droughtresistant of forages [19].
In recent years in Lithuania a particular
attention has been paid to the productivity of local
and introduced plant species with high energy value
and the ability to use them as a biofuel [4;5].
Perennial grasses are promising energy crops for
biogas production due to the high biomass yield,
appropriate chemical composition and positive

MATERIALS AND METHODS
Material for biogas production. The
experiments with high yielding perennial grasses ±
cocksfoot (Dactylis glomerata L.), lucerne
(Medicago sativa L.) and fodder galega (Galega
orientalis Lam.) were carried out at Institute of
Agriculture, Lithuanian Research Centre for
Agriculture and Forestry. Samples of plant biomass
were collected on the same date (10th October
2013) during the last (3rd) cut at tillering growth
stage of cocksfoot; beginning of flowering of
lucerne and first anthers of fodder galega.
Chemical analyses. For chemical analyses
legume and grass samples were dried at 65±5°C.
Before testing, the samples were ground by an
ultracentrifugal mill ZM 200 (Retch, Germany)
using sieves of 2 mm mesh size. Prior to analyses,
the samples prepared in the following way were
assessed for dry matter (DM). The C and N content
in plant samples was determined simultaneously by
the dry combustion (Dumas) method using a fully
automatic analyser Vario EL III (Elementar,
Germany). Acid detergent fibre (ADF) and neutral
detergent fibre (NDF) as well as acid detergent
lignin (ADL) were determined using the Van Soest
cell wall detergent fractionation method. ADF
extraction was done on a fibre analyser (ANKOM
Technology, USA) using F57 filter bags (0.25μm).
Hemicellulose content was calculated as the
following difference: hemicellulose = NDF ± ADF;
cellulose ± ADF±ADL. The concentration of water
soluble carbohydrates (WSC) was determined in
water extracts of dried samples and was measured
by the photometric method at the wavelength of
620 nm using the anthrone reagent [20].
Biogas
production
experiment.
The
investigation of biogas production in this paper is
based on the results of laboratory experiments
conducted in Chemical Research Laboratory of
Institute of Agriculture, Lithuanian Research Centre
for Agriculture and Forestry. The experiment was
performed with the manometric OxiTop Controlw
system (WTW, Germany). Gas production was
continuously measured using glass bottles of 250
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stirrer. The overpressure due to biogas
accumulation in the headspace is automatically
registered by the measuring heads. Each vessel was
filled with 150 mL of distilled water, so that a
sufficient headspace volume was provided not to
exceed the maximum pressure value of 400 hPa.
Before starting, the vessel headspace was flushed

mL volume. The manometric device consists of a
glass bottle provided with a pressure transducer
located in a measuring head. Two lateral openings,
sealed by a rubber septum and by a teflon airtight
valve, are used for substrate injections and for
biogas discharge, if necessary, respectively. During
anaerobic tests bottles are mixed by a magnetic

TABLE 1
Chemical composition of the biomass of the investigated species
Plant
Cocksfoot
Lucerne
Fodder galega

N
C
% in DM
2.367
46.06
2.649
47.23
3.129
47.44

C:N
19.5
17.8
15.2

NDF

ADF

ADL

55.05
48.12
45.16

36.23
42.72
43.45

11.30
15.90
14.85

Ash

WSC
% in DM
8.19
8.44
9.50
4.10
8.33
5.83

Hemicellulose

Cellulose

18.82
5.40
1.71

24.93
26.82
28.60

NDF ± neutral detergent fibre; ADF ± acid detergent fibre; ADL ± acid detergent lignin; WSC ± water-soluble carbohydrates; hemicellulose
content: NDF-ADF; cellulose ± ADF-ADL.

of our laboratory experiment agree with those
presented in literature: biogas release was higher
when the ADL concentration was lower. Our
research suggest that the higher concentrations of
hemicellulose, WSC, NDF as well as higher C:N
ratio of cocksfoot biomass resulted in the higher
release of biogas.
At the beginning of the anaerobic digestion
bacteria need nitrogen to start the process, but in
later stages nitrogen could act as an inhibitor. Most
research results suggest that biogas production is
mostly influenced by the carbon to nitrogen (C:N)
ratio. The most suitable C:N for biogas production
varies from 20 to 30 [22, 23]. In our research, the
most suitable C:N for biogas production was
obtained in cocksfoot biomass (19.5). The C:N in
lucerne biomass was 17.8 and the lowest in fodder
galega biomass 15.2. The C:N in legumes was
lower due to the higher nitrogen concentration in
the biomass. The nitrogen concentration in lucerne
biomass was 0.282% and in fodder galega 0.762%
higher compared to cocksfoot biomass.
Habig (1985) reported that the main
components which are digested up to 95% are water
soluble carbohydrates (WSC) [24]. In this study,
the highest concentration of WSC was found in
cocksfoot biomass ± 8.44% in DM, and the lowest
in fodder galega biomass ± 5.83%.
Depending on the chemical composition,
cocksfoot seems to be the most appropriate
feedstock for biogas production, because it contains
the lowest concentration of ADL, ADF, cellulose
and ash, the highest concentration of NDF,
hemicellulose, and WSC and the most appropriate
C:N ratio.

with N2 for 120 s. The biogas production was
accompanied by daily automatic measurements by
interval of 4 s. Maximum of each replicate and
average gas production rates in hPa were
calculated. To evaluate the repeatability of the
method, the tests were conducted in triplicate. The
total biogas production (in relative values, %) was
calculated using the Oxitop experimental data and
biomass DMY.

RESULTS AND DISCUSSION
Chemical composition of biomass. The
stability and productivity of anaerobic digestion of
biomass is mostly influenced by the chemical
composition of biomass. The chemical composition
of the biomass of the three species tested
(cocksfoot, lucerne and fodder galega) are
presented in Table 1. The analysis of the chemical
composition showed significant variation between
the species. The greatest differences were obtained
in nitrogen, water soluble carbohydrates and
hemicelluloses contents.
The results of Dandikas et al. (2014) [21]
study suggest that biogas potential of different
crops has negative correlation with ADL. They
reported that ADL concentration in various energy
crops varies from 0.1 in potato to 10.8 % in grass
biomass. If the ADL concentration in biomass is
higher than 15%, it inhibits the anaerobic digestion
of the material. In our research, the highest
concentration of ADL was present in lucerne
biomass (15.90 % in DM) and the lowest in
cocksfoot biomass (11.30% in DM). Cocksfoot
biomass had the lowest ADL concentration and the
highest concentration of hemicellulose which was
3.5 times higher compared to lucerne and 11.0
times higher compared to fodder galega. The results

Biogas yield. The results of digestion of the
perennial grasses in the laboratory conditions are
presented in Fig. 1. We examined the relationship
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emission from cocksfoot biomass was not
completed, the pressure in OxiTop was still higher
than 200 hPa. The biogas emission from lucerne
biomass started to decrease at about 2000 min. and
at 6000 min. ended.
Fodder galega showed better results compared
to lucerne. For galega the maximum pressure in
OxiTop was 153.3 hPa, while for lucerne ± 136.3
hPa. The duration of anaerobic process of lucerne
was about 6000 min., but the digestion of fodder
galega biomass was not completed at the end of the
experiment (OxiTop showed 10.6 hPa).

between biogas production and biomass chemical
composition. The final result of the biogas
production was the average value of tree
replications.
The pattern of biogas release from biomass of
investigated plant species is presented in Fig 1.
During our experiment, biogas release from
cocksfoot biomass was slower compared to the
other species tested. The peak of biogas production
was reached at about 6000 min., and then the
emission began to decline, while the biogas
production peak of legumes was reached at about
2000 min. At the end of the experiment, the biogas

FIGURE 1
Biogas release from the biomass of cocksfoot, lucerne and fodder galega.

The results presented by the OxiTop analysis
suggest that cocksfoot is much more suitable for the
biogas production. Figure 1 shows that the curve of
biogas emission from legumes which contain more
nitrogen
and
proteins,
less
hemicellulosewassharper, but biogas pressure was
more than twice lower compared to that of
cocksfoot.

legumes in terms of its chemical composition
(Table 1, Table 2).

TABLE 2
The yield of biomass of investigation year.
Plant
Cocksfoot
Lucerne

Biogas production in relation to biomass
yield. The dry matter yield (DMY) of biomass
depended on the plant species, harvest time and
meteorological conditions. The highest biomass
yield of the 3rd cut was produced by the legumes
not-fertilized with nitrogen: lucerne (609 kg ha-1),
fodder galega (1049 kg ha-1), compared with
grasses (cocksfoot ± 563 kg ha-1) (Table 2). DMY
of legumes was higher compared to that of
cocksfoot; however, cocksfoot was superior to

Fodder
galega
LSD 0.05

DMY of 3rd cut
kg ha-1
563
609

Annual DMY

1049

6682

124

411

5492
6010

According to Klimiuk et al. (2010), the
efficiency of the cellulose and hemicellulose
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conversion to biogas depends on the ratio of
polysaccharide to lignin concentration in the plant
biomass [25]. Our findings agreed with this
proposition and demonstrated that the ratio of
hemicellulose concentration to lignin concentration
of cocksfoot biomass was 5-14 times higher
compared to that of legumes. Regardless of the fact
that legumes do not need N fertilization and
cocksfoot needs it, cocksfoot produced the highest
total biogas output and its biomass was more
readily digested. As a result, perennial grass
cocksfoot under defined conditions was proved to
be much more suitable for the biogas production
than legumes lucerne and fodder galega.
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representative compounds in this group are DDT,
dieldrin, chlordane, mirex, kepone, lindane, and
benzene hexachloride. People can be exposed to
organochlorine pesticides through accidental
inhalation if they are in an area where POPs were
recently applied. The chemicals can also be
ingested in fish, dairy products, and other fatty
foods that are contaminated. Exposure to
organochlorine pesticides over a short period may
produce convulsions, headache, dizziness, nausea,
vomiting, tremors, confusion, muscle weakness,
slurred speech, salivation and sweating. Long-term
exposure to organochlorine pesticides may damage
the liver, kidney, central nervous system, thyroid
and bladder. Many of these pesticides have been
linked to elevated rates of liver or kidney cancer in
animals. There is some evidence indicating that
organochlorine pesticides may also cause cancer in
humans.
The organochlorine pesticides accumulate in
environment because they are not completely
biodegradable, or are degraded very slowly [2] As
damage of POPs came out later, use of some POPs
were banned in 1970s and 1980s. Despite POPs
were banned in some countries, residues of this
group pesticides can linger in environment [3].
Furthermore, some POPs like endosulfane and
lindane (Ȗ-HCH) are still used worldwide. So
eliminating of POPs is an important issue [4]. One
of the approaches is use of the microorganisms to
degrade pesticides.
Microorganisms are biogeochemical agents
which play a key role on environment. They
convert organic components to simple inorganic
components. Like most pollutants, pesticides are
also degraded by microorganism [5] Degradation of
pesticides microbiologically was considered as
effective and low cost process[6] so there are
numerous studies on degradation of organochlorine
pesticides
by
microorganisms,
especially
bacteria[7-11]
PGPBs have positive effect on growth of
plants. The plant growth effect of PGPBs have been
explained with mechanisms such as production of
phytohormones, nitrogen fixation, solubilization of

ABSTRACT
In this study, we aimed to define the
biodegradation ability of some bacteria which have
been used in different studies as plant growth
promoting bacteria (PGPB) or bioagent, on some
organochlorine pesticides. Five bacterial strains
(Bacillus
megaterium
KBA-10,
Pantoea
agglomerans, RK-79, RK-92, RK-169 and RK-198)
have positive effects on plant growth parameters
and have suppressive effect on some plant diseases.
The bacterial strains also showed degradation effect
RQ Į-HCH, Hexaclorobenzene, Ȗ-HCH, Heptaclor,
Aldrin Į-Endosulfan, Dieldrin, and o'p DDD invitro. All strains degraded the organochlorine
pesticides in different values. Degradation
efficiency assessed for Alfa-HCH ranged from 67.8
% to 90.3 %; for Hexaclorobenzene from 66.3 % to
90.  IRU Ȗ-HCH from 67.5 % to 90.4 %, for
Heptaclor from 73.8 % to 90.4 %, for Aldrin from
73.7 % to 92.0 %, for Alfa-Endosulfan from 66.1 %
to 87.7 %, for Dieldrin from 67.9 % to 89.7, for op
DDD from 51.4% to 88.7% in-vitro. Our data
showed that all stains have ability of degradation of
the organochlorine pesticides and it is expected that
different microbial fertilizers derived from this
strains could promote degradation of the
organochlorine pesticides.
KEYWORDS:
Organochlorine pesticides, PGPB, biodegradation, MIS,
BIOLOG

INTRODUCTION
Application of pesticides is a worldwide
problem. Because of toxicity and residue, pesticides
have adverse effect on humans and environment. In
addition, pesticide usage was considered an
agricultural stress reason [1]. Organochlorine
pesticides (POPs) are persistent pollutants which
were first introduced in the 1940s and used
extensively until 1960s in agriculture.
Some
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PHWKRG GHVFULEHG E\ WKH PDQXIDFWXUHU¶V PDQXDO
(Sherlock Microbial Identification System version
4.0, MIDI, Inc., Newark, DE, USA). FAMEs were
separated by gas chromatography (HP-6890,
Hewlett Packard, Palo Alto, CA, USA) with a
fused-silica capillary column (25 m x 0.2 mm x
0.25 ȝP ZLWK cross linked 5% phenyl methyl
silicone). FAME profiles of each bacterial strain
were identified by comparing the commercial
databases (TSBA 50) with the MIS software
package

phosphate and suppression of pathogens [12] In
UHFHQW\HDUV3*3%¶VDUHRIWHQUHVHDUFKHGLQDJUHDW
number of plants. Some of these plants are rice
[13], barley [14], sugar beet [15], lettuce [16, 17],
strawberries [18], peanut [19], sour cherry [20],
apple [21], and plum [22]. As shown, 3*3%¶VZHUH
used in a wide range of plants and researchers
observed positive effects on plant growth
parameters and suppression of some diseases with
single or mixed inoculation of PGPBs in different
value.
The aim of this study is to determine
biodegradation effects of five bacterial strains,
which are studied in different plants and conditions
[17, 20, 22, 23] as PGPB and biocontrol agent, on
some organochlorine pesticides.

Identification of the bacterial strains by
Biolog micro plate system (BIOLOG).
Identification of the tested bacterial strains was
confirmed by using BIOLOG systems. One day
before the inoculation of Biolog GN2 and GP2
plates, bacterial strains were streaked on TSA or
BUG agar plates. Each well of Biolog GN2 or GP2
micro-WLWHUSODWHVZDVLQRFXODWHGZLWKȝORIWKH
Gram-negative or positive bacterial suspension,
respectively, adjusted to the appropriate density
(108 cfu/ml) and incubated at 26 ± 2 °C for 24 and
48 h. The development of color was automatically
recorded using a micro plate reader with a 590-nm
wavelength filter. Identification (Biolog Microlog
34.20 database) and ASCII file output of test
results, applying the automatic threshold option,
were performed using BIOLOG420/ Databases/
GN601 and GP601 KID software [24]. Carbon
source utilization rates of the strains were estimated
as percentages.

MATERIALS AND METHODS
Bacterial strains and chemicals. The five
bacterial strains, Bacillus megaterium KBA-10,
Pantoea agglomerans RK-79, RK-92, RK-169, and
RK-198, used in this study were previously isolated
from different sources. All of these strains have
nitrogen fixation and phosphate solubilizing ability
to various extents. Į-HCH, Hexaclorobenzene, ȖHCH, Heptaclor, Aldrin, Į-Endosulfan, Dieldrin
and o'p DDD were purchased from Dr. Erenstrofer,
Ausbury, Germany
Hypersensitivity tests (HR). All of the
bacterial strains were tested for hypersensitivity on
tobacco plants (Nicotiana tabacum L. var. Samsun).
The bacterial suspension (108 cfu /ml) was prepared
in sterile distilled water and infiltrated into the
inter-costal area of the leaves of tobacco plants by
using a 3-cc syringe (Becton Dickinson, Franklin
Lakes, NJ, USA). The inoculated plants were
incubated in a completely randomized design on the
greenhouse bench for 24±48 h at 25±28 °C. The
presence of rapid tissue necrosis at the inoculation
site was recorded within 24±48 h after infiltration.
This test was repeated, three times for each strain.
Sterilized distilled water (sdH2O) was used as
control.

Prepare inoculum and pesticides for
determination of degradation. The experiments
were monitored according to [8] with minor
modification. For this purpose, pesticide mix was
prepared including Į-HCH, Hexaclorobenzene, Ȗ+&+ +HSWDFORU $OGULQ Į-Endosulfan, Dieldrin
and o'p DDD at same concentration. Then 100 ml
Erlenmeyer flasks with medium (TSB) were
autoclaved at 121ºC for 20 min. These flasks were
spiked with POPs to a concentration of 200 mg l±1.
The flasks were inoculated with 1ml bacterial
suspension adjusted to a set optical density of
(OD600 = 1). These inoculated flasks were incubated
at 26±2 ºC on an orbital shaker at 150 rpm for 7
days. Uninoculated flasks (control) were also
prepared to check the abiotic degradation under the
same conditions. This procedure was carried out in
triplicate and results are means of three
measurements.

Identification of the bacterial strains by
microbial
identification
system
(MIS).
Identification of the tested bacterial strains was
confirmed by using MIS systems. Preparation and
analysis of FAMEs from whole cell fatty acids of
bacterial strains were performed according to the
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TABLE 1
MIS and BIOLOG identification results of bacterial strains, their similarity index (SI),
hypersensitivity test (HR) results and carbon source utilization rates (CSU, %)
Strain
number
KBA-10
RK-79
RK-92
RK-169
RK-198

MIS identification result

SIM%

Biolog identification result

SIM%

HR

CSU %

Isolated From

Bacillus megaterium
Pantoea agglomerans
Pantoea agglomerans
Pantoea agglomerans
Pantoea agglomerans

49
76
88
78
77

Bacillus amyloliquefaciens
Pantoea agglomerans
Pantoea agglomerans
Pantoea agglomerans
Pantoea agglomerans

16
55
58
35
79

-

36,84
63,15
53,68
52,63
63,15

apricot (root)
apple (shoot)
pear (shoot)
apple (shoot)
Pear (shoot)

-: HR test is negative in tobacco

percentage reduction of pesticide value was
determined according to the following equation
[25].
%R =100 - [(Hpesticide sample/Hpesticide
control) X 100]

Assessment of Pesticide biodegradation. The
experimental and control samples were extracted
with dichloromethane. The extracts were
dehydrated by passing them through anhydrous
Na2SO4 and concentrated using a rotary evaporator.
The residue was re-dissolved in 5ml of acetonitrile
and 2 ml were injected into the GC/MS. The extract
was analyzed with a gas chromatograph (Shimadzu
GC-2010) equipped with mass spectrometer
(GCMS- QP2010), auto injector (AOC-20i) and a
DB-5MS capillary column (length 60 m, internal
diameter 0.25 mm, film thickness 0.25 um),
coupled to MS via direct interface. The injector and
detector were operated at 250 and 280 ºC
respectively. The initial oven temperature was 90
ºC and set for a linear increase of 5 ºC min±1 to a
final temperature 300 ºC. The helium was used as
carrier gas at a flow rate of 1.85 ml min±1. The ion
source temperature was 200 ºC while interface
temperature was 270 ºC. The electron impact (EI)
mass spectra were obtained at 70 eV and monitored
in the range of 50 to 400 m/z [8]. GC/MS data of
pesticides were given in Table 2. Finally, the

RESULTS
Bacterial strains, identification and test
results. MIS and BIOLOG identification result and
some characteristics of bacterial strains were given
in Table1. All isolates have negative test result on
tobacco. Identification results of strain KBA 10 are
different between MIS (as Bacillus megaterium)
and BIOLOG (as Bacillus amyloliqefaciens) in
species level but same in genus level. Other isolates
were identified as Pantoea agglomerans by MIS
and BIOLOG. Carbon sources utilization
percentages of isolates on GN2 and GP2 plates
range
from
38.84%
to
63.15%.

FIGURE 1
Biodegradation efficiency (R %) of bacterial strains.
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RK-198 inhibited the disease[17] Strain RK-92 was
tested in apricot, apple, sugar beet, bean and it is
considered very useful as biofertilizer. RK-79 was
also used in plum and apricot. Positive effects of
this strain on shoot length or diameter and fruit set
were determined [22, 23].

TABLE 2
GC/MS data
Pesticide
Į-HCH
Hexaclorobenzene
Ȗ-HCH
Heptaclor
Aldrin
Į-Endosulfan
Dieldrin
o'p DDD

RT
(min)
16,14
16,50
17,29
19,80
20,96
23,28
24,04
24,93

Parent ion
(m/z)
183
284
183
100
66
195
79
235

Reference
ion
219
142
219
272
79
214
108
165

Another beneficial effect of the five bacterial
strains was screened with this study. According to
result all strains have ability degradation of the
POPs in different values. In literature, there are so
many records about POPs degradation by bacteria.
It was determined that Streptomyces sp., [27],
Xanthomonas sp., [28], Mycobacterium sp. [29] can
degrade lindane with 81%, 100% and 96%
efficiency,
respectively
[30].
Endosulfan
degradation abilities of different bacterial strains
were reported in another study with 40% - 93%
efficiency [8]. Our results were similar with
literature data. Strains used in this study degrade
different POPs in value 51.0% - 92.0%.
As mentioned before, there are so many
strains which have ability of degradation of POPs
were reported. In addition to, it is known that
Bacillus VWUDLQVFDQGHJUDGH''7DQGȖ-HCH [31]
and Pantoea agglomerans strains also have ability
degradation of ''7DQGȖ-HCH [32]. Beside of the
stains used in this study can degrade eight different
POPs at different rate, the strains have some
abilities like high efficiency nitrogen fixation and
phosphate solubilization or provide resistance to
plant disease using different mechanisms [17].

RT: retention time

Biodegradation efficiency of bacterial
strains. According to our result all of five bacterial
strains are capable of degrading the organochlorine
pesticides in different values, the result were given
in Figure 1. Most effective strains were determined
as RK-92 for degradation of Į-+&+ DQG Ȗ-HCH
with efficiency 90,3 % and 90,4 % respectively,
and determined as RK-169 for degradation of
+H[DFORUREHQ]HQH
+HSWDFORU
$OGULQ
ĮEndosulfan, Dieldrin and o'p DDD with efficiency
90,1 %, 90,4 %, 92 %, 87,7 %, 89,7 % and 88,7 %
respectively. It was detected that other strains
(KBA-10 and RK-79) have also high value
degradation activity. For degradation of all
pesticides, Pantoea agglomerans RK-198 was
defined as least effective strain.

DISCUSSION AND CONCLUSION

When considering all of above, it is thought
that microbial fertilizers and biopesticides derived
from these strains might be convenient in
sustainable agriculture. As known, pesticide usage
is a huge worldwide problem and pesticides are
mostly permanent in environment. Many researcher
works on solutions for reducing pesticide usage or
eliminating pesticide residues from environment.
We believe that applications of beneficial
microorganisms may serve as useful instruments for
both reducing pesticide usage and degradation of
pesticide residues in environment.

When data
were evaluated,
similar
FRPSRQHQWV Į-HCH - Ȗ-HCH) were degraded by
RK-92 and the others were depredated by RK-169
at the highest level. In this study, any analysis were
not performed for defining the degradation enzymes
of bacteria but it is known that degradation of some
components depend on existence of appropriate
degradation enzymes beside of environmental
conditions [26]. So RK-92 and RK-169 may
produce different enzymes. Like can be seen above
RK-198 has not powerful degradation activity, as
much as the other Pantoea agglomerans strains. As
stated above, strains may have different enzyme
production ability and biodegradation activity
probably is a strain dependent facilities.
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Effects of the strains used in this study as
PGPB or bioagent were researched in different
conditions. Strain KBA10 was used in lettuce as
PGPB and bioagent against to bacterial leaf spot of
lettuce. It was determined that KBA10 have
positive effect on plant growth parameters and
pretty much inhibit occurrence of disease. In the
same study; it was screened that strain RK-169 and
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ammoniacal nitrogen (NH3-N) can reach up to
7,500 mg L-1[1]. Complete degradation of organic
pollutants, such as phenolic compounds and
ammonia, is difficult to achieve using biochemical
methods because of their biotoxicity.
In recent years, the supercritical water
gasification/oxidation technique emerged as a new
technology for treating wastewater with high
concentrations of organic compounds, which makes
use of the unique physical and chemical properties
of water under the supercritical condition (>375°C,
>22.2MPa)[2,3,4].
The
supercritical
water
gasification (SCWG) technique operated in trace
amounts or in the absence of oxygen, which
induces organic compounds to undergo hydrolysis,
thermal decomposition, and other reactions under
the homogeneous phase condition of the
supercritical water to produce gaseous products that
mainly consist of H2, CO, CH4, and CO2. This
technology is typically employed in the resource
utilization of wastewater with high concentrations
of organic compounds and solid wastes. The
supercritical water oxidation (SCWO) technique
induces complete degradation of the organic
compounds into harmless substances under excess
amounts of oxygen, allowing the wastewater to be
discharged safely. The former technique aims at
recycling the pollutants while the latter aims to
decompose pollutants into harmless compounds.
Nevertheless, both techniques can be accomplished
by adjusting the amount of oxygen. Based on the
aforementioned advantages, this study used the
SCWG-SCWO combined process to treat coal
gasification wastewater. Compared to the process
that depends solely on the SCWO technique, the
SCWG-SCWO combined process not only
effectively recycles hydrogen form the organic
compounds, but can also completely degrade them
by consuming only trace amounts of oxygen.
Unfortunately, the practical application of this
combined process for treating coal gasification
wastewater is hindered by the large volumes of
wastewater (1m3 of gas produces 1t of wastewater).
If the SCWG-SCWO combined process is used
without prior treatment, the investment cost is

ABSTRACTS
7KH FRPELQHG SURFHVV RI µDPPRQLD
distillation - concentration -supercritical water
gasification - R[LGDWLRQ¶ ZDV specifically designed
for the treatment of coal gasification wastewater
with high concentrations of phenolic compounds
and ammonia. Operation parameters of each
process used in this system were optimized by
Aspen Plus simulation and experimental tests. The
energy and material balance were calculated and the
economic values were also analyzed. Results
revealed that the capital investment for treating 5t h1
coal gasification wastewater was approximately
2.063 million dollars and the profit for treating 1
ton of wastewater was estimated to be 1.74 dollars.
This technology realized the goal of recycling
wastewater and making wastewater safe for
disposal, opening a new way for the treatment of
coal gasification wastewater

KEYWORDS:
coal gasification wastewater; supercritical water
gasification; supercritical water oxidation; economic
assessment

INTRODUCTION
In recent years, rapid development of the coal
chemical industry in China has resulted in an
increased discharge of coal gasification wastewater.
According to the guidelines of the 13th five-year
plan, the production of coal-derived natural gas will
reach 30 - 35 billion Nm3 year-1 during that period,
and hence, the amount of wastewater to be
discharged will be approximately 5,775 t h-1. Coal
gasification wastewater is a typical industrial
organic effluent that is highly concentrated, highly
polluted, toxic, and difficult to be degraded. In
particular, it contains high concentrations of
phenolic compounds and ammonia. The
concentration of phenolic compounds can reach up
to 7,000 mg L-1, while the concentration of
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gasifying medium. In this paper, parameters of each
SURFHVV XVHG LQ WKH µDPPRQLD GLVWLOODWLRQ concentration - SCWG - SCWO¶ process were
optimized using simulation and experimental
methods. At the same time, the energy and material
balance were calculated to assess the economy of
this technology.

tremendously high. Hence, this paper proposed an
µammonia distillation ± concentration ± SCWG SCWO¶ combined process, in which an ammonia
distillation pre-treatment process removed excess
water using the heat released from the supercritical
water system. Firstly, the NH3, with alow boiling
point, was recycled (ammonia distillation),
followed by an evaporation process to concentrate
the wastewater, which aimed to reduce the total
amount of wastewater and increase the
concentration of the organic compounds. After
concentrating the wastewater, the SCWG-SCWO
combined process was used, in which the SCWG
process aimed to produce syngas while the residual
organic compounds were completely degraded
during the SCWO process. The temperature and
pressure of the treated wastewater were reduced
before entering the coal gasifier to act as the

MATERIAL AND METHODS
PROCESS FLOW
7KHIORZGLDJUDPRIWKHµammonia distillation
- concentration - SCWG - 6&:2¶ combined
process for coal gasification wastewater treatment
is shown in Figure 1.

'LLVFKDUJH
2[\JHQOLQH
/LTXLGR[\JHQ
VWRUDJHWDQN

+HDWH[FKDQJHU

/LTXLG
R[\\JHQSXPS

+HDW
H[[FKDQJHU


6\QJDVUHFF\FOH

+HDW
H[FKDQJHU
&2DEVRUSWWLRQ

WRZHU

+HDW
H[FKDQJHU


+HDW
H[FKDQQJHU


6\QJDV

Gas liquid
separator

7HPSHUDWXUH
DQGSUHVVXUH 6WDELOL]DWLRQ *DVLIILFDWLRQ
WDQN
IXUQDFH
UHGXFHU

)HHGOLQH
:DVWHZDWHU:DVWHZDWHU
VWRUDJH SXPS
WDQN

$PPRQLD 9DFXXP &RQFHQWUDWLRQ
VWLOO SXPS WRZZHU

+HDWLQJJ
IXUQDFH

6&:32UHDFWRU

+HDW
H[FKDQJHU


6&:2
UHDFWRU

FIGURE 1
6FKHPDWLFIORZGLDJUDPRIWKHµDPPRQLDGLVWLOODWLRQ - concentration - SCWG - 6&:2¶V\VWHP

concentration tower passes through the compressor
and heat exchanger (04) and then preheated in the
heating furnace before entering the SCWG reactor.
The fluid withdrawn from SCWG is chilled in the
heat exchanger (04) and depressurized in the
compressor before entering the vapor-liquid
separator. Here, the fluid at the bottom section of
the concentration tower is fed as chilled fluid into
the heat exchanger (04). The overhead fluid of the
vapor-liquid separator is chilled in the heat
exchanger (05) before entering the CO2 absorption
tower. The cooling medium of the heat exchanger
(05) is fed to the concentration tower. Concurrently,
a portion of the fluid in the concentrated ammonia
storage tank is diluted with demineralized water in
the diluted ammonia storage tank. The diluted fluid
is directed to the CO2 absorption column via a
vacuum pump, acting as the absorption medium for
CO2. The syngas, which mainly consists of H2, CO,

First, the coal gasification wastewater is
introduced into the ammonia distillation column to
remove the ammonia under reduced pressure. The
lighter fluid upward (mainly NH3) in the ammonia
distillation column passes through the heat
exchanger (01) to cool it down. After that, the
chilled NH3 is transferred to a concentrated
ammonia storage tank that serves as a backup. The
cooling medium of the heat exchanger (01) is used
as the inlet fluid of the ammonia distillation
column. The fluid that remains at the bottom of the
ammonia distillation column is directed into the
wastewater concentration tower. The overhead fluid
(mainly vapor) in the concentration tower is
discharged after it is cooled to room temperature by
the heat exchanger (02). The cooling medium of the
heat exchanger (02) is used as the inlet fluid of the
ammonia
distillation
column.
The
fluid
(concentrated wastewater) at the bottom of the
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phenol were used as the simulated compounds for
NH3-N and phenolic compounds, respectively.
Based on the calculation of 7,500 mg L-1 NH3-N
and 5,000 mg L-1 phenol, the flow of the NH3 and
phenol were estimated to be 46.14 and 32 kg h-1,
respectively.
Figure 2(a) showed that the ammonia
separation efficiency increased with decreasing
pressure at certain temperatures. At 40 °C, the
ammonia separation efficiency reached as high as
97.87% under an operating pressure of 20 kPa,
while it dropped to 66.98% at 50 kPa. These
findings were in accordance with the practical
experience that the boiling point of NH3 was lower
at higher negative pressure, and hence, less heat
energy was required for evaporation. According to
the results, the ammonia separation efficiency
changed very little when the temperature higher
than 45 °C and the pressure in the range of 10-40
kPa. Therefore, in order to reduce the energy
consumption of the vacuum pump, the ammonia
distillation pressure can be chosen to set at 40 kPa.
As the temperature increased, the boiling point
of the other organic compounds in the wastewater
also decreased under certain pressure. To prevent
high evaporation efficiencies of these organic
compounds, the temperature had to be stringently
controlled. The effects of temperature on the
evaporation of phenol, NH3, and H2O in the
ammonia distillation column at 40 kPa is illustrated
in Figure 2(b). The evaporation efficiency of the
NH3 increased with increasing temperature, and
began to level off after reaching an evaporation
efficiency of 96.89% at 45 °C at 40 kPa. The
evaporation efficiency of the phenol was relatively
low (<0.01%) in the temperature range of 20-60 °C.
In contrast, the evaporation efficiency of the water
increased gradually after 45 °C, in which 42%
evaporation efficiency was reached at 60 °C.
During the ammonia distillation process, the
evaporation efficiency of the NH3 should be
improved as much as possible, while the
evaporation efficiency of the water must be reduced.
Therefore, the operating temperature of the
ammonia distillation column is suit to set at 45 °C.

and CH4, is separated from the fluid at the top of
the CO2 absorption column while the ammonium
carbonate solution that settles at the bottom is being
recycled. The liquid at the bottom of the vaporliquid separator is heated in the heat exchanger (06)
before entering the SCWO, where the contaminants
are degraded into harmless substances. The outlet
fluid of the SCWO reactor is used as the heating
medium of the heat exchanger (06). The cooled
SCWO-treated wastewater goes into a temperaturepressure reducer to regulate its temperature and
pressure close to the parameters set for the coal
gasifier, acting as the gasifying medium.
The content below was investigated based on
coal gasification wastewater with a handling
capacity of 5t h-1, 5,000 mg L-1 TOC, and 7,500 mg
L-1 NH3-N. Firstly, Aspen Plus was used as the
simulation software to optimize the parameters of
the ammonia distillation column, concentration
tower, and high-pressure vapor-liquid separator in
the system. Meanwhile, the optimization of the
parameters in the SCWG and SCWO processes was
confirmed through experiments. Secondly, Aspen
software was XVHG WR VLPXODWH WKH µDPPRQLD
distillation - concentration - SCWG - SCWO¶
process, in which the energy and material balance
were calculated and its economic efficiency was
assessed based on the simulation.
OPTIMIZATION
OF
OPERATING
PARAMETERS OF THE KEY EQUIPMENTS
Ammonia distillation column. Ammonia
distillation is a process of evaporating, which
remove NH3 dissolved in wastewater using a heat
transfer medium. The factors that mainly affect
ammonia separation efficiency are temperature and
pressure. Generally, the temperature required to
reach certain ammonia separation efficiency is
lower at a lower pressure. Therefore, negativepressure ammonia distillation is used to reduce
energy consumption. The effects of pressure and
temperature on the ammonia separation efficiency
simulated by the Sep model using Aspen software
are depicted in Figure 2(a). In the simulated
calculation, the inlet flow rate of the ammonia
distillation column was set at 5,000 kg h-1. NH3 and
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FIGURE 2
Effects of pressure and temperature on the ammonia separation efficiency

evaporation temperature when 90% of the initial
water was evaporated, was shown in Figure 3.
Figure 3 shows that the temperature required
for water evaporation decreased with decreasing the
operating pressure. In order to reduce the energy
consumption of the system, a lower operating
pressure is preferred. However, the system required
a very high level of airtightness to operate under 10
kPa (extremely high vacuum level). Thus, the
operating pressure was set at 20 kPa, and it has
been proved to run stably and continuously [5]. The
corresponding evaporation temperature under an
operating pressure of 20 kPa was 65 °C.

Concentration tower. The function of the
concentration tower was to reduce the water content
of the wastewater and increase the concentration of
organic compounds. The water content of the
wastewater was set to be reduced to 10% of its
initial value and, in which the concentration of
organic compounds becomes 10-fold of its initial
value. The concentration tower operated under
negative pressure and required an operating
temperature higher than the boiling point of water.
The operation process was simulated by Aspen Plus
software. The relationships between the operating
pressure and the boiling point of water and
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0
100
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FIGURE 3
The operating pressure corresponding to the boiling point of water and the evaporation temperature
when the concentration was 10-fold above its initial value

Supercritical water gasification reactor. In
the SCWG process, the effects of temperature on
the gasification efficiency were pronounced,

however, the pressure did not cause noticeable
changes [6]. In practical applications, materials that
can withstand high operating temperatures are often
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Figure 4 shows the catalytic effects of Ni, Co,
Cr, and Cu metal catalysts on the distribution and
composition of gaseous products generated during
the gasification of a mixture of phenol and NH3
solution under conditions of 480 °C and 25 MPa
(the concentration of TOC and NH3-N were 50000
and 370mg L-1, respectively). Results showed that
without the catalyst, the syngas production was
36.61 mmol g-1 (organic compounds). Conversely,
in the presence of catalysts Ni, Co, Cu, and Cr, the
syngas productions were increased to 100.88, 86.58,
61.28, and 45.59 mmol g-1 (organic compounds),
respectively.

required, which inevitably increases investment
costs dramatically. Therefore, in order to reduce the
reaction temperature, 480 °C and 25 MPa were
chosen as the operating temperature and pressure,
respectively. The gasification efficiency can be
poromoted by adding catalysts. Many studies have
demonstrated that Group 8 elements (Co, Ni, Cu,
etc.) show excellent catalytic reactivity towards
gasification reactions. In this paper, Co, Ni, Cu, and
Cr metal wires were used as the catalysts [7,8].
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FIGURE 4
The effects of metal catalysts on the composition and yield of gaseous products
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FIGURE 5
The effects of metal catalysts on TOC removal efficiency

Figure 5 illustrates the effects of metal
catalysts on TOC removal efficiency under catalytic
conditions (NH3-N can hardly be degraded under

such conditions, and therefore, its curve is not
shown). The results revealed that the Ni showed the
highest catalytic activity towards the TOC removal

1359

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ







effects of Ni and Cr on hydrogen production from
glucose using steam gasification also found that Ni
possessed the highest catalytic activity (mainly
increased the production of H2 and CH4), while Cr
showed very little catalytic activity[10].
Therefore, based on the calculations from the
experimental data, the gaseous products generated
in a 100t d-1 SCWG reactor under an operating 480
°C and 25 MPa are illustrated in Table 1.

efficiency, in which the TOC removal efficiency
was improved from 62.23% (under non-catalytic
conditions) to 91.12%. The catalytic activities of
the metal catalysts can be arranged in the following
RUGHU1L!&R!&X!&U5HVHQGH¶VWXG\RQOLJQLQ
gasification also show that Cu and Ni catalysts can
improve the yield of H2, CO2, and CH4, and Ni
showed higher catalytic activity than Cu[9]. A
study reported by Elliott to investigate the catalytic

TABLE 1
The composition of gas products generated by SCWG

Entry
Molar ratio (%)
Production rate (mol h-1)
Flow rate (kg h-1)

H2
54.44
2090
4.18

CO
0.09
3
0.10

CH4
32.16
1235
19.76

CO2
13.31
511
22.48

in other words, it recycled the syngas. The
simulated results of the gas separation efficiency in
the high-pressure vapor-liquid separator are
illustrated in Figure 6.

High-pressure vapor-liquid separator. The
main function of the high-pressure vapor-liquid
separator was to separate the gaseous-liquid
mixture from the output fluid of the SCWG reactor;



Gas seperation efficiency (%)

100

80

60

40

20

0
150

H2

CO

CH4

CO2

H2O

NH3

200

250

300

350

Temperature (ć)

FIGURE 6
The relationship between the gas separation efficiency and temperature of the high-pressure vapor-liquid
separator

eventually passed through the CO2 absorption tower
where the ammonia solution was stored. In addition,
the separation efficiency of NH3 also didnot affect
the quality of the syngas. This was because the
syngas was expected to react with the diluted
ammonia in the absorption tower and the ammonia
released from the separator provided an ammonia
supply in the absorption tower. And the NH3
remained in the effluent can be completely

Figure 6 shows that the separation efficiencies
of H2, CO, CH4, and CO2 increased with the
increasing temperature. This observation was
associated with the decreased solubility of these
gaseous products in water at higher temperatures.
Simultaneously, the separation efficiencies of NH3
and vapor also increased with increasing
temperatures. Trace amounts of water in vapor did
not affect the system much because the syngas
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simulated data of the syngas separation efficiency
obtained from Aspen software was reliable.
The quality of the syngas separated from the
process has a great effect on the economic of the
system. Therefore, it was necessary to calculate the
calorific value and market profit of the syngas. The
calorific value and market price of syngas being
sold, such as natural gas, piped gas, blast furnace
gas, coke gas, and converter gas areillustrated in
Table 2. The price of syngas can be designated as
0.02 $ MJ-1,. The mol% of the syngas, H2, CO, CH4,
and CO2, produced usingthe SCWG process were
54.44%, 0.09%, 32.16%, and 13.31%, respectively.
After CO2 was absorbed in the absorption tower, the
mol% of the H2, CO, and CH4 syngas were 62.80%,
0.10%, and 37.10%, respectively, and the
corresponding calorific value was 26.6 MJ (Nm3)-1.
Based on the market price of 0.02 $ MJ-1, the
selling price for the syngas can be set as 0.4
$ (Nm3)-1.

degraded into N2 in the SCWO process.Therefore,
the operating temperature of the separator was set at
330 °C to ensure a high separation efficiency of the
syngas. Based on this parameter, the separation
efficiencies of the H2, CO, CH4, CO2, NH3, and
H2O were estimated to be 99.35, 97.56%, 96.6%,
96.53%, 69.69%, and 12.85%, respectively.
The factor that affected the separation
efficiency of the syngas was its water solubility. It
is neccessary to compare the solubility of the
syngas simulated by Aspen software and data
reported in the literature to further verify its
reliability. However, the solubility of H2, CO, and
CH4 under different pressures and temperatures is
rarely reported. Hence, only a comparison between
the calculated and the query value from chemical
book for CO2 was made, as shown in Figure 7. The
results showed that the calculated value for CO2
solubility was close to the literature value under an
operating temperature of 100 °C and pressure range
of 2.5-32 MPa, further confirming that the
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FIGURE 7
Comparison of CO2 solubility in water between the query values and calculated values

TABLE 2
The calorific value of different kinds of syngas and their corresponding market prices
Type of Syngas
Natural Gas
Piped Gas
Blast Furnace Gas
Coke Gas

Calorific Value (MJ (Nm3)-1)
38.5
16.7
3.5
18

Price ($ (Nm3)-1)
Ϭ͘ϳϭ
Ϭ͘Ϯϵ
Ϭ͘Ϭϲ
Ϭ͘ϯϮ

Price ($ MJ-1˅
Ϭ͘ϬϮ
Ϭ͘ϬϮ
Ϭ͘ϬϮ
Ϭ͘ϬϮ

reached 99.97% and 99.83%, respectively, for
wastewater containing 8,520 mg L-1 TOC and 7,600
mg L-1 NH3-N under conditions of 460 °C, 25 MPa,

Supercritical water oxidation reactor.
According to the previous experimental results[1],
the degradation efficiencies of TOC and NH3-N
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process and the traditional process. Annual
operational costs of 0.3 million dollars canbe saved
using this new process over the conventional
biochemical processing. Based on this, the excess
capital invested in this new system can be recouped
after just two and a half years.

OR value of 3.5, and in the presence of Co2O3
catalyst. The corresponding outlet concentrations of
TOC and NH3-N were 2 and 5.25 mg L-1,
respectively. The water quality was able to meet the
specification of the Integrated Wastewater
Discharge Standard of China for Coal Industry
(GB8978-1996).
Therefore,
the
operating
parameters of the SCWO reactor were set at 460 °C,
25 MPa, and OR value of 3.5. Under these
conditions, wastewater containing 4,720mg L-1
TOC and 370mg L-1 NH3-N in this process would
also reach the discharge standard.
CALCULATION
OF
MATERIA BALANCE

ENERGY

CONCLUSION
In this paper, WKH µDPPRQLD GLVWLOODWLRQ concentration - SCWG - 6&:2¶ combined process
was developed for the treatment of coal gasification
wastewater. Various parameters of the key
components of the system were optimized using
Aspen software. Additionally, the economic of the
system was evaluated based on calculations of the
material costs and the energy involved. The results
showed that the cost of the system for 5t h-1 coal
gasification wastewater treating was 2.063 million
dollars, and the profit for processing 1 t wastewater
was 1.74 dollars. Compared with the traditional
µDPPRQLD GLVWLOODWLRQ - phenol removal biochemical method ± FRDJXODWLRQ¶ SURFHVV with
investment of 1.2 million dollars and processing
costs as high as 6.45 $ t-1. Annual operational costs
of 0.3 million dollars can be saved using this new
process over the conventional biochemical process.
Based on these figures, the additional capital
invested in this new system can be recouped after
just two and a half years.
The µDPPRQLD GLVWLOODWLRQ - concentration SCWG - 6&:2¶combined process has significant
economic advantages over the conventional
biochemical process for treatment of coal
gasification wastewater. It also offers several
technical advantages such as being clean, highly
efficient, less polluting, recycle pollutants, and so
on. This economically and environmentally friendly
system has the potential for broad commercial
applications as the world is facing increased
stresses on scarcity of resources and deterioration
of the environment.

AND

,Q WKH µammonia distillation-concentrationSCWG-6&:2¶ V\VWHP there are six heat
exchangers. The heat exchange capability of the
heat exchanger and its layout are very important in
optimizing the energy utilization of the system. The
system model was established by Aspen Plus, and
the energy balance was calculated. The input and
output temperatures, as well as material flow of all
equipment involved in this system are listed in
Table 3.
ECONOMIC ANALYSIS
The costs for equipment and operation of the
µDPPRQLD
GLVWLOODWLRQ-concentration-SCWG6&:2¶ system are provided in Table 4 and Table
5, respectively.
It was found that the cost of the equipment
needed to treat 5t h-1 coal gasification wastewater
using this ammonia distillation-concentrationSCWG-SCWO system is 2.063 million dollars,
while the profit to treat 1 t of wastewater is 1.74
dollars. The investment cost for traditional
biochemical treatment process of µDPPRQLD
distillation - phenol removal -biochemical ±
coagulation¶ LV about 1.2 million dollars, but the
cost for wastewater treatment can be as high as 6.45
dollars t-1[7]. In this paper, a comparison was made
to show the difference between the newly invented
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TABLE 3
Energy and material costs of WKHµammonia distillation-concentration-SCWG-6&:2¶ system
Flow rate (kg
h-1)

Temperature(°C)

Pressure
(MPa)

TOC
(mg L-1)

NH3-N
(mg L-1)

Cold Fluid Inlet

5,000

15

0.1

50,000

7,500

Cold Fluid Outlet

5,000

19

0.1

50,000

7,500

Hot Fluid Inlet

108

45

0.04

27

345,976

Hot Fluid Outlet

108

25

0.1

27

345,976

Cold Fluid Inlet

5,000

19

0.1

50,000

7,500

Cold Fluid Outlet

5,000

45

0.1

50,000

7,500

Hot Fluid Inlet

4,392

65

0.02

30

125

Hot Fluid Outlet

4,392

55

0.1

30

125

Equipment

Heat Exchanger 01

Heat Exchanger 02

Heat Exchanger 03

Ammonia Distillation
Column

Heat Exchanger 05

Concentration Tower

Heat Exchanger 04

SCWG

Vapor-Liqiud Separator

CO2 Absorption Tower

Heat Exchanger 06

SCWO Reactor

Temperature and
Pressure Reducer

Hot Fluid Inlet

4,392

55

0.1

30

125

Hot Fluid Outlet

4,392

40

0.1

30

125

Cold Fluid Inlet

100

-183

25

0

0

Cold Fluid Outlet

100

30

25

0

0

Inlet

5,000

45

0.1

50,000

7,500

Gas Phase Outlet

108

45

0.04

27

345,976

Liquid Phase Outlet

4,892

45

0.04

51,100

12

Cold Fluid Inlet

4,892

45

0.04

51,100

12

Cold Fluid Outlet

4,892

65

0.04

51,100

12

Hot Fluid Inlet

110

330

25

140

1,180

Hot Fluid Outlet

110

70

25

140

1,180

Inlet

4,892

65

0.04

51,100

12

Gas Phase Outlet

4,392

65

0.02

30

125

Liquid Phase Outlet

500

65

0.02

50,000

370

Cold Fluid Inlet

500

65

25

50,000

370

Cold Fluid Outlet

500

315

25

50,000

370

Hot Fluid Inlet

500

480

25

4720

370

Hot Fluid Outlet

500

330

25

4720

370

Oxygen Inlet

15

30

25

0

0

Wastewater Inlet

500

480

25

50,000

370

Outlet

515

480

25

4,720

370

Inlet

515

330

25

4,720

370

Gas Phase Outlet

110

330

25

140

1,180

Liquid Phase Outlet

405

330

25

5,000

140

Inlet

110

70

0.1

140

1,180

Outlet

24

25

0.1

0

0

Cold Fluid Inlet

405

330

25

5,000

140

Cold Fluid Outlet

405

430

25

5,000

140

Hot Fluid Inlet

405

460

25

2

5

Hot Fluid Outlet

405

460

25

2

5

Oxygen Inlet

85

30

25

0

0

Wastewater Inlet

405

460

25

2

5

Inlet

490

460

25

2

5

Inlet

490

460

25

2

5

Outlet

490

330

3.8

2

5
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TABLE 4
(TXLSPHQWFRVWVRIWKHµDPPRQLDGLVWLOODWLRQ-concentration-SCWG-6&:2¶V\VWHP

Entry

Equipment

Material

Amount

Cost($)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
Total

Ammonia Distillation Column
Concentration Tower
Furnace
SCWG Reactor (include catalyst)
Vapor-Liquid Separator
SCWO Reactor (include catalyst)
CO2 Absorption Tower
Temperature and Pressure Reducer
Heat Exchanger 01
Heat Exchanger 02
Heat Exchanger 03
Heat Exchanger 04
Heat Exchanger 05
Heat Exchanger 06
Liquid Oxygen Storage Tank
Wastewater Storage Tank
Liquid Ammonia Storage Tank
Ammonium Sulfate Storage Tank
Buffer Tank
Wastewater Pump
High Pressure Pump
Vacuum Pump
Liqiud Oxygen Pump
Valve
Control System

304
304
S22253/N08825
316
S22253
316
304
316
304
304
00Cr17Ni14Mo2
316
316
316
316
304
PP
PP
316
stainless steel
S22253
Q235-A
S22253

1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
1
2
2
1
2
2
2
2
250
1

Ϯϰ͕ϭϴϬ
Ϯϰ͕ϭϴϬ
ϰϭϵ͕ϭϮϬ
ϰϱϭ͕ϯϲϬ
ϯϮ͕ϮϰϬ
ϰϱϭ͕ϯϲϬ
ϴ͕ϬϲϬ
ϭϲ͕ϭϮϬ
ϯ͕ϮϮϰ
ϯ͕ϮϮϰ
ϭϲ͕ϭϮϬ
ϴ͕ϬϲϬ
ϴ͕ϬϲϬ
ϴ͕ϬϲϬ
ϯϮ͕ϮϰϬ
ϴ͕ϬϲϬ
ϭ͕ϲϭϮ
ϭ͕ϲϭϮ
ϴ͕ϬϲϬ
ϯ͕ϮϮϰ
ϭϲ͕ϭϮϬ
ϯ͕ϮϮϰ
ϭϵ͕ϯϰϰ
ϮϵϬ͕ϭϲϬ
ϭϮϴ͕ϵϲϬ
Ϯ͕Ϭϲϯ͕ϯϲϬ

TABLE 5
2SHUDWLRQFRVWVRIWKHµDPPRQLDGLVWLOODWLRQ - concentration - SCWG - 6&:2¶V\VWHP

Entry
Electric Bill
Oxygen
Syngas
Expenses

Labor Cost
Depreciation Cost

Profit

Equipment Maintenance Cost
Syngas
Concentrated Ammonia
Ammonium Carbonate
Vapor (Gas medium for
gasifier)
Total (Profit)

Consumption
70 kW
100 kg h-1
45 Nm3 h-1

Price
0.19 $ (kW·h)-1
0.1 $ kg-1
0.45 $ (Nm3)-1

Cost ($ t-1)
2.71
2.10
4.06

12 person

483.6
$ (person·month)-1

1.61

depreciation rate of 5%
useful life of 15 years
5% of depreciation cost
73 Nm3
0.4 $ (Nm3)-1
-1
82 kg h
0.08 $ kg-1
-1
47 kg h
0.24 $ kg-1
490 kg h-1

0.029$ kg-1

3.01
0.15
5.88
1.32
5.30
2.87
1.74
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CHARACTERIZATION OF BRIDGE INDUCED
TRANSLOCATION (BIT) DRIVEN BY Z-DNA FORMATION IN
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experimental in vivo systems generate reciprocal
translocations among engineered chromosomal loci
of yeast or Drosophila, also with previous genome
modifications. Tosato et al. (2005) reported
successful induction of chromosome translocations
in unmodified yeast cells via targeted DNA
integration of the KANR selectable marker bordered
by sequences homologous to two chromosomal loci
randomly chosen on the genome. The structure of
chromatin is tremendously dynamic and it plays an
effective role in gene expression and organization
of genome (Ho et . al., 1986; Oh et al., 2002;
Schroth et al., 1992; Zhang et al., 1992). The DNA
generally occurs in the right handed B form,
alternative structures such as left handed Z-DNA,
DNA triplex, cruciform, and G-quadruplex have
been comprised in transcription and recombination
(Cer et al., 2012; Schroth et al., 1992; Tosato and
Burischi, 2007; Zhabinskaya and Benham, 2011).
One of the most important structural transitions
marked in DNA is between B- and Z-DNA (Cer et
al., 2012; Zhabinskaya and Benham, 2011). The
local spinning of small region of B- to Z-DNA in
topologically constrained DNA molecules, requires
negative supercoiling and is offensively favored in
alternating purine/pyrimidine sequences which
allows the nucleotides to adopt their lowest energy
conformation as Z-DNA.
Two operational paradigms for Z-DNA
formation have been established:
(i) the hierarchy for base pairs is d(GC)n ޓ
d(CA)n  ޓd(AT)n (9) and
(ii) longer stretches of these sequences form
Z-DNA that are more readily than shorter ones (Ho
et . al., 1986; Oh et al., 2002; Schroth et al., 1992;
Zhang et al., 1992).
In the dinucleotide repeat units of Z-DNA, one
of the nucleotides must be in the syn- and the other
in the anti- FRQIRUPDWLRQZLWKKHOLFLW\RIޤEDVH
pairs per turn (the minus mark indicates the lefthandedness) (Peck and Wang, 1983; Rich et al.,
1984; Wong et al., 2006). An algorithm based
strictly on this set of rules has been used to predict
the presence of Z-DNA in naturally occurring DNA
sequences. These estimations have shown

ABSTRACT
There are several in vivo systems constructed
by generating reciprocal translocation between
engineered chromosomal loci of yeast, but not
without previous genome modifications. The
experimental possibility of inducing chromosomal
translocations between any two desired genetic loci
in a eukaryotic model system will be instrumental
in elucidating the molecular mechanism underlying
genome re-organizations formed by DNA
integration. DNA is able to undertake many
different structures other than the familiar B-DNA
helix. One of the important examples is the lefthanded Z-DNA confermer. The biological role of
Z-DNA is an area of active study. Z-DNA
formation at a promoter has been shown to
correlate with transcriptional activity. Also Z-DNA
often behaves as an enhancer of gene expression.
In this study, we reported that BIT driven by ZDNA formations can be defined using web-based
servers such as non-B DB v2.0 and SIDD/Z-DNA
in Saccharomyces cerevisiae. The application of
web-based server approaches may ultimately allow
scientists to view their own genomic feature
annotations in the different DNA motifs and to aid
in the formation of hypotheses regarding the
potential role of these structures in other cellular
processes.

KEYWORDS:
bridge induced translocation; Saccharomyces cerevisiae;
Z-DNA; non B DB; SIDD/Z-DNA

INTRODUCTION
Mitotic DNA double-strand breaks can lead to
unstable
non-reciprocal
chromosomal
translocations inducing loss of heterozygosity for
tumor suppressor genes or to reciprocal
translocations resulting in gene fusions associated
with leukemias (Raychaudhuri et al., 2006; Schroth
et al., 1992; Zhang et al., 1992). Several
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resource for non-B DNA-forming motifs. The
original database provided to first complete
annotations of non-B DNA-forming sequence
motifs. The non-B DB v2.0 database enables
researcher to view their own genomic feature
annotations in the context of these predicted motifs
and to aid in the formation of hypotheses regarding
the potential role of these structures in other
cellular processes (Ha et al., 2008; Zhao et al.,
2010; ).
The Stress-Induced Duplex Destabilized
(SIDD/Z-DNA) analysis (Chengpeng and Benham,
2004) was the other method used for the
determination of B- to Z-DNA transition in this
study. It is a web-based service designed to foretell
locations and extents of stress-induced duplex
destabilization that occur in a double-stranded
DNA molecule of specified level of superhelical
stress is charged. The program computes structure
transition probability and destabilization energy of
each base pair in the analyzed sequence. The values
of all structural and energy parameters used in the
calculation have been experimentally measured
WebSIDD that is expected to prove useful for
finding SIDD-susceptible sites in genomic
sequences, and correlating their occurrence with
locations involved in regulatory and pathological
processes (Chengpeng and Benham, 2004).
The aim of this study was investigation of
possible Z-DNA formations and B- to Z-DNA
transition regions in S. cerevisiae genome by using
bioinformatics techniques. For this purpose, 11
different primer pairs used in Tosato et al. (2005)
were tested in this research. All primers were
screened by the method of NCBI Blast (High
Similar Sequences-Megablast) for detection of
associated sequences and possible Open Reading
Frames (ORF) in S. cerevisiae genome. As a result,
4 sequences were detected associated with only 10
primer pairs. However significant similarity was
not found in one of the primers. Two possible ZDNA formations were investigated on the
NC_001147.6 (systematic name YOL166C) of
these 4 common sequences with using non-B DB
v2.0 and SIDD/Z-DNA web based servers.
Also, SIDD/Z-DNA server was used for
detection of calculated transition probability and
destabilization energy of each base pair in the
primers.

correlation with published experimental results for
these sequences (Peck and Wang, 1983; Rich et al.,
1984).
Following these results, the question is how to
develop a search strategy to account for these
variations to the alternating purine/pyrimidine rule
and how can scientist measure the relative ability of
these sequences to form Z-DNA found by this
strategy?
It has long been thought that
unconstrained superhelicity was not a factor in
eukaryotic genomic control. Usually eukaryotes do
not have negatively supercoiling gyrases (Jaworski
et a l., 1987; Polonskaya et al., 2004). However, it
is
known that
substantial
amounts
of
transcriptionally induced negative supercoiling in
human genome occur upstream of RNA polymerase
action (Rich and Zhang, 2003; Witting et al., 1991).
Currently, a thermodynamic approach is used
to model the regions that most likely to adopt the ZDNA formation. Researcher can use statistical
mechanics to examine the competition that occurs
among all Z-DNA forming regions at
thermodynamic equilibrium in a superhelically
stressed DNA of specified sequence. Three
previous theoretical methods were implemented
and analyzed DNA sequences to identify
susceptible Z-DNA regions (Benham et al., 1997;
Sheridan et al., 1998; Wang et al., 2004). The first
method, developed by the Jovin group (Jovin et al.,
1983), searches to identify potential Z-DNA sites
based solely on their sequence characteristics. The
energetics of transition was not considered in this
approach.
Second
method,
called
Z-Catcher, performs a mechanical calculation, but
does not consider the thermodynamic equilibrium
of the system (Xiao et al., 2008). The Z-Hunt uses
statistical mechanics, but only calculates the
propensity of each fixed region within the DNA
sequence to form a Z-DNA in isolation. Since the
superhelical stresses that drive B- to Z-DNA
transitions couple together and the transition
behaviors of all base pairs that experience them,
these approaches do not give details about how
these competitive transition act in situ (Ho et al.,
1986).
In this study, two different web-based servers
were used for determination of possible Z-DNA
formations in Schizosaccharomyces cerevisiae
genome, and one of them was non-B DB v2.0 (Cer
et al., 2012). It was used to supply a comprehensive
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TABLE 1
Primer names and sequences used in the study.
Name
Adh1Fw-40
Dur3P-40
Dur3Rev-40
Ald5Fw-40
Adh1Fw-63
Dur3P-65
Ald5Fw-65
Aap1Rev-67
FW (XVI)
FW (II)
FW (XV)

Sequence
CACAATATTTCAAGCTATACCAAGCATACAATCAACTATC
TACCCAGCGCCTTGAGGTAGCGGAGGTTTAAATTCTCCCAT
GCTAAATTATTTCATCAACTTGTCCGAAATGTGATGATTGT
GCTTCAAAGAACAGAACAAAACACGATTATATAAGCCCCA
CTTTCTTCCTTGTTTCTTTTTCTGCACAATATTTCAAGCTATACCAAGCATACAATCAACTATC
TACCCAGCGCCTTGAGGTAGCGGAGGTTTAAATTCTCCCATACTATAACAATGACAAATTTATGT
GCTTCAAAGAACAGAACAAAACACGATTATATAAGCCCCATGTAAAAAGAACGTCTTAATTTATTTT
GAAGCTTATTCAATTCGTGATTTTTCTTTGAGGGTTCCTGTTCAAGCAAGCCAAATTGCCCTCTCAG
TCTCAGTATATTTTGCTGCTTTCCTTCATATGTATATATATCTATTTACATATTAGTTTACAGAA
TTATCCCTATAACTAGAGCCAGAGACACTGCAAACAGATACAACGAAGAATTGTTGGAAAAGGGGGAA
GCTCTAGAGCATTACCCTGTTATCCCTACGTCACTTAAAAGTAAAACATTGATACTTTCAATTTCAAA

presence of Z-DNA formations in these regions
were investigated with using two web-based
programs; non-B DB v2.0 Motif Search Tool
(nBMST) and SIDD/Z-DNA, separately. In
addition, we utilized from the calculated transition
probability and destabilization energy of each base
pair in the sequences from SIDD/Z-DNA server
outputs.

MATERIAL AND METHODS
Determination of Highly Similar Sequences
in S. cerevisiae Genome using NCBI BLAST.
NCBI BLAST (Megablast: highly similar
sequences) method was used for determination of
associated sequences in S. cerevisiae genome with
the primers used in this study (Table 1) and also
systematic names of the associated sequences were
detected by using Saccharomyces Genome
Database (SGD) (lit) and NCBI Map Viewer was
used for screening of the Open Reading Frames
(ORF) on the associated regions.

RESULTS
Eleven primers with different lengths were
examined according to their chromosomal location
on S. cerevisiae genome and their corresponding
sequence. The scores and Expect (E) values were
obtained from NCBI Megablast (Table 2).

Web-Based Analysis of the Z-DNA
Formations in S. cerevisiae Genome. After
determination of sequence regions in the S.
cerevisiae genome via NCBI Megablast, the

TABLE 2
NCBI Megablast results and associated sequences of primers in S. cerevisiae
genome
Primer
Adh1Fw-40
Dur3P-40
Dur3Rev-40
Ald5Fw-40
Adh1Fw-63
Dur3P-65
Ald5Fw-65
Aap1Rev-67
FW (II)
FW (XV)
FW (XVI)

Sequence ID
Score
79.8 bits (40)
NC_001147.6_
81.8 bits (41)
NC_001140.6_
81.8 bits (41)
NC_001140.6_
79.8 bits (40)
NC_001137.3_
119 bits (64)
NC_001147.6_
121 bits (65)
NC_001140.6_
124 bits (67)
NC_001137.3_
124 bits (67)
NC_001140.6_
126 bits (68)
NC_001134.8_
91.6 bits (68)
NC_001147.6_
No significant similarity

Expect
3e-16
8e-17
8e-17
3e-16
7e-28
2e-28
1e-29
1e-29
4e-30
2e-19

Chromosome
XV
VIII
VIII
V
XV
VIII
V
VIII
II
XV

sequence data were acquired from NCBI database
(Table 3).

The comparison between corresponding
sequences revealed that these 11 primers were
related to 4 distinct genomic sequences in S.
cerevisiae. Taxonomical names and ORF definition
of these sequences were obtained from
Saccharomyces Genome Database (SGD) and ORF
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probable Z-DNA formation and B-Z transition were
searched with the help of two web-based programs.
Two probable Z-DNA regions were detected
on this sequence, obtained from Non-B DB v2.0
database (Table 4) and (Fig 1). According to this
result, the first probable Z-DNA formation on
NC_001147.6 sequence spans a region between the
bases 41 and 57. Total length of the sequence is 17
bp and it consists of 8A and 8B repeat sequences.
The second probable Z-DNA formation on
NC_001147.6 sequence spans a region between the
bases 103 DQG  DQG LWV¶ UHSHWLWLRQ ZDV VKRUWHU
(12 repeats) than the first formation and totally it
consisted of 5A and 6C repeats.
In order to identify Z-DNA formation and B-Z
transition, another web-based server namely
SIDD/Z-DNA was used. Initially for this purpose,
NC_001147.6 was analyzed on SIBZ within this
webserver. According to SIBZ application, this
sequence contained a probable Z-DNA formation
within the 0-200 base region (Fig. 2).

TABLE 3
Systematic names and ORF status of the
sequences
Sequence ID
NC_001134.8_
NC_001137.3_
NC_001140.6_
NC_001147.6_

Systematic
Name
YBL113C
YEL077C
YHL050C
YOL166C

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

ORF
ORF (uncharacterized)
ORF (uncharacterized)
ORF (uncharacterized)
ORF (GenBank: Z74908.1)

As a result of search on SGD database, three
of these sequences, NC_001134.8, NC_001137.3
and NC_001140.6 were found to be ORFs.
However they have not been characterized yet. In
the alignments of Non-B DB v2.0 and SIDD/ZDNA, these sequences revealed no indication of ZDNA. In addition, NC_001147.6 sequence with the
systematic name YOL166C was found to be a
characterized ORF in SGD database, and the

TABLE 4
Results of the non-B DB v2.0 web-based server in NC_001147.6 sequence
Sequence_name

Type

Start

Stop

Length

Repeat

Composition

Sequence

gi1420085embZ749081

Z_DNA_Motif

41

57

17

17

8A/8C/0G/0T

CACACACACACACACAC

gi1420085embZ749081

Z_DNA_Motif

103

114

12

12

5A/6C/0G/0T

CACACACACACA

FIGURE 1
Two possible Z-DNA formations in NC_001147.6 sequence by non-B DB v2.0
web-based server.

Probability profile key
FIGURE 2
Probabilty profile of Z-DNA formations on NC_001147.6 sequence after SIBZ application.
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a

b
FIGURE 3
a. B- to Z-DNA transition energy base position by SIDD application, b. Possible B- to Z-DNA transition
base position.

NC_001147.6 ORF sequence spanned a region
between the bases 1150 and 1200 (Fig. 3a ve b).
Using BDZtran application on SIDD/Z-DNA
program, Melting Probability base position and
regions for probable B-Z transition were detected
on NC_001147.6 sequence (Fig 4).

Then, probable B-Z transition regions and ZDNA probability sequence regions were determined
for NC_001147.6 sequence by using SIDD
application in the same web server. According to
the SIDD results, the B-Z transition region on

a

b
FIGURE 4
Results of the SIDD application a. Melting point of the possible Z-DNAformation, b. Possible B- to Z-DNA
transition sequences.

As a result, probable Z-DNA formation region
on YOL166C ORF region of NC_001147.6 was
detected between the bases 0 and 200, and B-Z
transition region between the bases 1150 and 1200.

Data obtained from SIDD/Z-DNA were compatible
with the results obtained from non-B DB v2.0 web
server.
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Our study has been derived from nonreciprocal
chromosomal
bridge-induced
translocation technique which was generated by
Tosato et al. (2005) and is intensely useful in yeast
translocation. It has been thought that the efficiency
of this technique is related to targeting the regions
that contain possible Z-DNA forms in S. cerevisiae
genome. Possible Z-DNA forms in these regions
have been determined by two web-based softwares
which are non-B DB v2.0 and SIDD/Z-DNA

DISCUSSION AND CONCLUSION
Three Z-DNA regions were established close
to the promoters of human c-myc gene that the
regions involved in transcription of c-myc B- to ZDNA transformation during transcription, however
is reverted to B-form when transcription is blocked.
These experiments indicate that transcriptionally
driven superhelical stresses can control B- to ZDNA transitions in mammalian cells (Benham et
al., 1997; Ha et al., 2008; He et al., 2000).
Ho et al. (1986) reported that a
thermodynamic approach was used designing a
computer program (Z-Hunt) to search genomic
sequences for regions most likely to adopt the ZDNA formation. The closed circular genomes of
the Escherichia coli, virus IX174, the plasmid
pBR322 and the mammalian tumor virus SV40
were selected for analysis by Z-Hunt. The program
treats DNA sequences as a collection of
independent nearest neighbor interactions, each
associated with its own free energy for the
transition from B- to Z-DNA. In addition, the first
method to analyze the superhelical B- to Z-DNA
transition in its full complexity was presented by
Zhabinskaya and Benham (2011). This method that
is called SIBZ and can calculate the B- to Ztransition behavior of multi-kilobase length
genomic DNA sequences under superhelical stress.
Cer et al. (2012) introduced the original non-B DB
v2.0 to provide a comprehensive resource for nonB DNA-forming sequence motifs. The original
database provided the first complete annotations of
non-B DNA structure sequence motifs that covered
a lot of genomes including mammalian organisms.
The goal of the web-based servers are allow
scientists to view their own genomic feature
annotations in the context of these predicted motifs
and to aid in the formation of hypotheses regarding
the potential role of these structures in other
cellular processes.
The amount of negative superhelicity occurred
in prokaryotic and eukaryotic genomes are
adequate to cause alternative DNA structural
transitions in vivo [7, 8]. Superhelically induced
dublex destabilization (SIDD) is one of the most
studied DNA transition which leads separation of
strands in local sites. SIDD sites have been
demonstrated to be present at chromosomal
attachment regions (Benham et al., 1997). These
attachments are related to enhancement of
transcription and forming isolation between
domains that are regulated independently. SIDD
also has a role in transcriptional regulation and it
has been shown that sites susceptible to duplex
destabilization are found at binding sites for
transcription factors and other regulatory molecules
(Rothman-Denes et al., 1998).
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non-natural, such as agricultural as well as domestic
and industrial waste [2, 3]. As they do not undergo
biodegradation, they are accumulated in the
environment and reach high concentrations; then
they can be carried to the top steps of the food
chain [4]. Toxic effects of heavy metals, such as a
decrease in chlorophyll content, decrease in rate of
growth, generation of reactive oxygen types and
accordingly oxidative damage in biomolecules were
determined in previous studies [5].
Aquatic ecosystems, which have high primary
productivity and produce oxygen, are also used for
fishing, irrigation, and recreation purposes;
however, they are regarded as a receiving
environment for pollution. Heavy metals that are
transported to these environments can easily
accumulate in the sediment and, under certain
conditions, permeate to the water layer [4]. The
detection of heavy metal concentrations in the
sediment is an important parameter that shows the
level of pollution in aquatic ecosystems [2; 6-7].
Domestic, industrial and agricultural wastes
are discharged into Bunyan Creek, which feeds
6DUÕPVDNOÕ Dam in Kayseri Province, Turkey. The
dam is used for irrigation and fishing, and is also a
picnic site. While organic wastes transported to the
water basins constitute the basis of the food chain
when in natural balance, they may significantly
harm the aquatic life when there is an over
abundance. The slow release of organic substances
into the water environment due to accumulation (or
being caught) is an important process for the
continuity of aquatic life. The carbon, nitrogen and
C/N levels in the sediment are important parameters
representing this balance [8].
Macrophytes are used in phytoremediation
technology due to their ability to accumulate
pollutants in the environment [9, 10]. Polygonum
pubescens is a Mn hyperaccumulator [11],
Nasturtium officinale can accumulate Cd, cobalt
(Co) and Cr [12]; Lemna minor can accumulate Pb,
Hg [13] and Nymphaea spontanea can accumulate
Cr [14]. With phytoremediation, pollutants in the
environment can be cheaply and effectively
eliminated and do not constitute secondary

ABSTRACT
In this study, the plant Polygonum amphibium,
sediment samples surrounding it and water were
collected from Kayseri-SarÕPVDNOÕ, and their heavy
metal contents (Ni, Cu, Zn, Cr, Pb and Cd), certain
sediment characteristics and C and N contents in
the plant organs were determined. The
accumulation of heavy metals were ranked as
Zn>Cu>Ni>Cr>Pb>Cd in the root and shoot of the
plant; Ni>Cr>Zn>Cu>Pb>Cd in the sediment; and
Cu>Zn>Ni in the water samples. Heavy metals
accumulated in the root at a higher concentration
than the shoot. The heavy metal concentrations in
the water samples were determined to be below the
criteria value. Threshold set by the National
Oceanic and Atmospheric Administration (NOAA),
the Ni content of the sediment was above the
threshold concentration, the Cr was above the low
concentration and the other metals were determined
to be below the low concentration. It was found that
the total organic carbon (TOC) contents of the
sediment samples varied between 0.88-2.81%.
According to the correlation analysis, there was a
negative correlation between TOC and Ni, and no
correlation was found with the other metals.
Furthermore, a positive relationship was observed
between Cr and silt as well as TOC and sand;
whereas, a negative relationship was observed
between clay and sand.

Keywords:
Heavy metals, Accumulation, Polygonum amphibium,
6DUÕPVDNOÕdam, Sediment

INTRODUCTION
Heavy metals threaten the environment and
human health due to their toxicity, and certain
metals cause toxicity even at low concentrations
[1]. Heavy metals interact with aquatic ecosystems
by means of natural events, such as the abrasion of
soil and rock, erosion and volcanic destruction, and
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pollutants. Polygonum amphibium (Polygonaceae)
is a perennial plant species that is adapted for living
in aquatic and terrestrial environments [15, 16].
Previous studies revealed that P. amphibium can
accumulate heavy metals [9; 17-19].
In this study, heavy metal accumulation in the
root and shoot of P. amphibium as well as water
DQG VHGLPHQW VDPSOHV WDNHQ IURP 6DUÕPVDNOÕ Dam
were determined; and furthermore, the relationship
between the total organic carbon (TOC) content of
sediment with the heavy metal content of the
sediment was determined. The findings obtained
will be a guide for future studies.

MATERIALS AND METHODS
Study Area and Collection of Samples.
6DUÕPVDNOÕ Dam is 28 km from Kayseri city centre
and 8 km from Bunyan District. It was built in 1968
for irrigation and flood control.
In May 2014, four stations were chosen at the
dam as a result of a preliminary examination. The
station I is used as a fishing port, the station II as an
agricultural area, the station III as a car washing
location, and the station IV is used as a picnic site
(Fig. 1).

FIGURE 1
6DUÕPVDNOÕ'DPDQGVWDWLRQV.

Sediment samples from these stations were
taken at a distance of approximately 50 cm away
from the shore and from a depth of 10 cm. The
glass bottles used for the water sample collection
had 10% HNO3 kept in them from the night before
until use, when they were rinsed twice at the
stations. The water samples were taken from just
beneath the surface. P. amphibium samples were
taken from each station with their roots and brought
to the laboratory in plastic bags.

Dissolving Process and Elemental Analysis.
Glass, plastic and porcelain materials used in the
elemental analysis were kept and washed in
detergent for one day, then rinsed with tap water
and kept in 20% HNO3 for one night. These
materials were washed with distilled water and
dried at 60 °C in a drying oven.
The water samples were passed through filter
paper in the laboratory and transferred to 100 ml
conical flasks, concentrated HNO3 was added at 5
ml per litre of sample and kept at 4 0C until
analysis.
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using a WTW Inolab 720 pH meter [21]. The field
capacity (%) of the sediment was measured with a
vacuum pump at 1/3 atmospheric pressure [22]. The
TOC and total nitrogen (TN) contents of the
samples (%) were determined by the Anne and
Kjeldahl methods, respectively [23]. Ammonium
(NH4-N) and nitrate (NO3-N) contents of the
sediment were analysed using the Na-salicylat [24]
and Na-nitroprussid methods [25].

Sediment samples were dried in air for 7 days
in the laboratory with occasional stirring and they
were then powderized in a porcelain mortar.
Approximately 0.5 g from each sample was sieved
using a 2 mm sieve and placed into microwave cells
before being dissolved with 10 ml of 65% HNO3.
The dissolving process was carried out at 180 oC
and 200 PSI using a CEM-MARS 5 microwave
dissolving device, centrifuged (4000 g-1, 30 min.)
and supernatant transferred to falcon tubes and
completed to 25 ml with distilled water.
After the plant samples were washed with tap
water, their roots and aboveground parts were dried
at 70 0C, approximately 0.4-0.5 g was placed in
microwave cells and 10 ml HNO3 (Merck) was
added. The dissolving process was carried out in a
CEM-MARS 5 model microwave oven (CEM
Corporation Matthews, NC, USA) at a pressure of
180 PSI and a temperature of 210°C, and the
samples were centrifuged at 4000 g-1 for 30
minutes. Supernatant were transferred to falcon
tubes and completed to 25 ml with distilled water.
Pb, Cr, Cu, Ni, Zn and Cd determinations of
the water, sediment and plant samples were carried
out using an ICP-OES (Liberty, Varian Model).
BCR-670 (Lemna minor) was used as a certified
reference material, and the stability of the device
was checked by reading a standard every tenth
sample. A blank solution was used to determine the
analytical solution and probable contamination. All
of the analyses were repeated three times.

Statistical Analysis. The normal distribution
of the data obtained from the study carried out with
three repetitions (n=3) and homogeneity of the
variances were assessed with Kolmogorov-Smirnov
and Levene tests, respectively. Differences between
the stations were determined using ANOVA and a
Post-Hoc Tukey test. The relationship between the
heavy metals studied and the sediment
characterization was determined using a Pearson
correlation test. The threshold value of statistical
significance was assumed to be 0.05. The SPSS
15.0 computer software was used for all statistical
analyses.

RESULTS AND DISCUSSION
Heavy Metal Concentration in Water
Samples. It was observed that heavy metal
concentrations in water samples ranked as
Cu>Zn>Ni, and Cr, Pb and Cd was below the
detection limit. In water samples, the statistically
highest Cu concentration were encountered in the
station I (Table 1).

Some Chemical Characterization of
Sediment Samples. The texture of the sediment
was estimated by a Bouyoucus hydrometer [20]; the
pH was determined with distilled water (1:2.5)

TABLE 1
Spatial mean (± SE) concentrations of metals in water (mg/L; n=3)
Station I

Station II

Station III

Station IV

Ni

0.005± 0.002 a

0.007± 0.001 a

0.006± 0.002 a

0.008± 0.001 a

Cu

0.08±0.01 b

0.03±0.001 a

0.03±0.001 a

0.04±0.005 a

Zn

0.03±0.01 a

0.006±0.001 a

0.006±0.002 a

0.02±0.002 a

Cr

ND

Pb

ND

Cd

ND

*ND, non detectable; Different letters in the same line indicate significant differences at the P < 0.05 level (ANOVA)

criteria determined by World Health Organization
(WHO) [26], and the United States Environmental
Protection Agency (USEPA) [27], they were found
to be below the values provided (Table 2).

No significant differences were observed
among the stations for Ni and Zn elements. When
the heavy metal concentrations of the water
samples were compared with the drinking water

1375

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ








TABLE 2
7KHKHDY\PHWDOFRQFHQWUDWLRQVLQ6DUÕPVDNOÕ'DPZDWHUDQGFRPSDULVRQZLWKJXLGHOLQHV PJ/

6DUÕPVDNOÕ'DP

Zn
0.015

Drinking water quality
WHO
5
USEPA, (MCL)
5
Freshwater criteria values (acute)
for protection of aquatic life
USEPA, (CMC)
0.12
TEG
Class I
Class II
Class III
Class IV

0.2
0.5
2
>2

Ni
0.0065

Pb
-

Cu
0.045

Cd
-

Cr
-

References
Present
Study

0.07
-

0.01
0.015

2
1.3

0.003
0.005

0.05
0.1

[26]
[27]

0.47

0.065

0.013

0.002

0.016

[28]

0.02
0.05
0.2
>0.2

0.01
0.02
0.05
>0.05

0.02
0.05
0.2
>0.2

0.003
0.005
0.01
>0.01

0.02
0.05
0.2
>0.2

[29]
[29]
[29]
[29]
[29]

WHO: World Health Organization, USEPA Recommended Water Quality Criteria, MCL: Maximum Contaminant Level,
TEG: Turkish Environmental Guidance, CMC: Criterion Maximum Concentration

an essential element for plants, but it may cause
negative effects if absent or present in excess [30].
Ni can be found naturally or released by human
activities into the environment. Especially heavy
metals such as Ni, Cr and Cu are released in the
aquatic ecosystems with domestic waste [30]. The
domestic and industrial waste of Bunyan District is
GLVFKDUJHG LQWR 6DUÕPVDNOÕ Dam. The highest
concentrations of metals examined (except for Cd)
were obtained at the station IV, which is used as a
picnic site (Table 3), and this result may be
attributed to intensive human activities.

It was observed that heavy metals (except Cu)
lower than acute values for aquatic life protection
determined by USEPA [28]. According to Turkish
Environmental Guidelines (TEG) [29] 6DUÕPVDNOÕ
Dam is included in the clean water (Class I)
category.
Heavy Metal Concentration in Sediment
Samples. As sediment has a high absorption
capacity, the heavy metals dissolved in the water
accumulate in the sediment. The concentrations of
the heavy metals studied in the sediment samples
were accumulated as Ni>Cr>Zn>Cu>Pb>Cd. Ni is

TABLE 3
6SDWLDOPHDQ 6( FRQFHQWUDWLRQVRIPHWDOVLQ6DUÕPVDNOÕ'DPVHGLPHQW JJQ 

Ni
Cu
Zn
Cr
Pb
Cd

Station I
25±0.2 a
4.5±0.05 a
13.5±0.5 a
35±4.5 ab
6.5±0.25 a
0.035±0.0005 a

Station II
40±1.5 b
10±0.2 b
18±0.5 b
30±0.25 a
7±0.1 a
0.15±0.001 c

Station III
30±0.5 ab
10±0.15 b
18.5±0.05 b
28±0.25 a
10.5±0.005 b
0.15±0.015 c

Station IV
55±4.5 c
15±1 c
22.5±1.5 c
49.5±5 b
11.5±0.1 c
0.05±0.04 b

Different letters in the same line indicate significant differences at the P < 0.05 level (ANOVA)

and III were high when compared to station I; and,
no significant difference observed between stations
II and III.
The findings of the study were assessed
according to the criteria of the National Oceanic
and Atmospheric Administration (NOAA) [32], and

The Ni concentration was statistically the
highest at station II, which was next to agricultural
fields, when compared to stations I and III.
According to Kükrer et al. (2014) Ni, Cu and Cd
can be also carried to the ecosystem with fertilizers
[31]. Cu, Zn and Cd concentrations at stations II

1376

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ








it was observed that for Cr it was close to the
sublimit rate, Ni was above the sublimit rate, and

Zn, Cu, Cd and Pb were below the low effect level
(Table 4).

TABLE 4
7KHKHDY\PHWDOFRQFHQWUDWLRQVLQ6DUÕPVDNOÕ'DPVHGLPHQWDQGFRPSDULVRQZLWKJXLGHOLQHV JJ .
Values
Lowest effect level (LEL)
Threshold effect
concentration (TEC)

Cr
26
43.4

Ni
16
22.7

Zn
120
121

Cu
16
31.6

Cd
0.6
0.99

Pb
31
35.8

Refenrences
[32]
[32]

Probable effect
concentration (PEC)
Severe effect concentration
(SEL)
6DUÕPVDNOÕ'DP

111

48.6

459

149

4.98

128

[32]

110

75

820

110

10

250

[32]

35.625

37.5

18.125

9.875

0.096

8.875

Present
Study

According to our findings, the heavy metal
concentrations
in
the
shoots
rank
as
Zn>Cu>Ni>Cr>Pb>Cd.
The
heavy
metal
concentrations in the shoots of P. amphibium taken
from the ash pond (Zn>Cu>Ni>Pb>Cr>Cd) support
our study [19]. The transportation of an
immobilized element, Pb, to the shoots was limited,
and it generally accumulated in the roots [35]. Even
though Cd is at low concentrations, it still has
toxicity [1]. Cd is an element with low mobility
[36].
In the roots, Zn concentration observed
statistically highest concentration at station I
compared to the other stations, and Ni, Cr, Pb and
Cd at station II (Table 5).

Heavy Metal Concentrations in the Roots
and Shoots of P. amphibium. In this study, the
heavy metal concentrations in the roots of P.
amphibium
were
determined
to
be
Zn>Cu>Ni>Cr>Pb>Cd. Rai (2009) detected that
the heavy metal accumulations in the roots of P.
amphibium gathered from an ash pond at the exit of
a coal mine ranked as Zn>Cu>Cr>Pb>Ni>Cd [19].
The highest concentrations in the root were
observed Zn and Cu, and the lowest Cd
concentration coincided with our study. Also, the
highest accumulation of Zn in P. amphibium roots
was recorded in the Dongia Nala region. This can
be interpreted as Zn and Cu being essential for the
plants, and being actively absorbed by the roots and
transported to the shoots [33, 34].

TABLE 5
Spatial mean (± SE) concentrations of metals in root of P. amphibium (μg/g dry weight; n=3).

Ni
Cu
Zn
Cr
Pb
Cd

Station I
9±1.5 a
14±1.5 a
63.5±0.5 b
4.5±1 a
2.5±0.45 a
0.05±0.0025 a

Station II
15±1 b
14±1 a
37.5±0.5 a
8.5±1.5 b
5±0.05 b
0.25±0.045 b

Station III
13.5±0.15 ab
10±0.35 a
30±0.5 a
5.5±0.05 ab
4.5±1 ab
0.05±0.003 a

Different letters in the same line indicate significant differences at the P < 0.05 level (ANOVA)

No statistical differences could be found
among the stations for Cu, or in the plant shoots for
Ni, Cr, Pb and Cd (Table 6).
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TABLE 6
Spatial mean (± SE) concentrations of metals in shoot of P. amphibium (μg/g dry weight; n=3)
Station I

Station II

Station III

Station IV

Ni

5±0.5 a

6.5±1 a

5±0.05 a

5.5±1 a

Cu

10±0.1 b

7±0.25 a

6.5±0.35 a

7.5±0.05 ab

Zn

27±1 bc

25±2.5 ab

30±1 c

15±0.05 a

Cr

2.5±0.35 a

2.5±0.5 a

2.5±0.15 a

3±0.5 a

Pb

2±0.05 a

2±0.3 a

2.5±0.25 a

2.5±0.5 a

Cd

0.25± 0.1 a

0.1± 0.02 a

0.1± 0.0015 a

0.1± 0.02 a

Different letters in the same line indicate significant differences at the P < 0.05 level (ANOVA)
The statistically highest Cu and Zn concentrations were identified in stations I and III, respectively.

than the other stations (P<0.05). The TOC contents
of the shoots varied between 29.04-34.99%, and no
significant differences could be found among the
stations. While the highest TN content was at the
station III; the lowest TN content was found at the
station I.
Different physical and chemical properties
were observed in the sediment and plant parts
depending on the different locations of the stations.
Among all the sediment samples, the highest TOC
(%) was found at the stations I and III (2.11 and
2.87%, respectively). This can be explained by the
transport and accumulation of organic substances in
these locations. As station II is close to the
agricultural area, the decrease in the TOC contents
of the soils as a result of agricultural activities was
reflected in the sediment.
The C/N ratio was direct proportional to the
TOC. The high C/N ratio at the station I and III can
be explained by the high TOC contents of the
sediments in these stations (19.10 and 19.54,
respectively). Similar results were observed in the
sediments taken from different countries [39-41].
While the C/N ratio of the station II (9.63) was
appropriate; it was found to be low in the station IV
(8.58). This is related to the low TOC content in the
station IV. Kaushal and Binford (1999) suggested
that terrestrial carbon ratios contributed to the
accumulation of sediment and resulted in the C/N
ratios of the sediments [42].
The NH4-N contents of all sediments were
found to be clearly higher than the NO3-N contents.
Both NH4-N and NO3-N contents were observed to
be the highest in the station III, and this result may
be the consequence of intensive human activities.
No significant differences were found between
the carbon contents of the roots and shoots of P.
amphibium growing in all stations studied. In terms
of the TN content of the roots, there was a
significant difference between only the station I and
the others. It can be said that P. amphibium has a

In the uptake of metals by plants, factors such
as pH of the environment, sediment content,
existence of other ions, species of plant and
mobility of the metals play important roles [35, 37].
In this study, it was noted that the roots of P.
amphibium had higher concentrations of heavy
metals than the shoot. It was determined that the
heavy metal accumulations in the roots of
Schoenoplectus lacustris and Phragmites australis
were at higher concentrations than in the other
organs [38]. Metals combine with sulfhydryl groups
(-SH) in plant root and restrict their transport to
other tissues [37]. Plants may show tolerance
against metal stress by preventing the transport of
the metals to aboveground organs [37]. For such
reasons, the heavy metal concentrations in the roots
are often higher than the shoots.
Chemical Properties of P. amphibium and
Sediment Samples. Results obtained from the root,
shoot and sediment samples of P. amphibium are
shown in Table 7.
The sediment samples were found to be of a
sandy-loamy structure. In terms of sand and clay
content (in %), no significant differences could be
found among all sediment samples except for the
station III. No significant differences could be
found among the silt contents of all sediments.
Field capacities varied between 12.03 and 27.20%,
and significant differences were found among all
samples (P<0.001). The pH of all samples was
slightly alkaline. While, the TOC contents of the
sediments samples were between 0.88 and 2.81%,
and the TN contents varied between 0.10 and
0.14%. C/N ratios of these sediment samples were
found to be between 8.58-19.54%. Both NH4-N and
NO3-N contents were highest in the station III and
lowest in the station IV (P<0.001).
No difference could be found among the
stations in terms of TOC content in the plant roots.
The TN contents (%) of P. amphibium roots from
the station I were found to be significantly higher
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strong physiological control mechanism and is
adapted to these environments.
Correlation Analysis. A correlation analysis
was carried out among the parameters studied in the

sediment samples, and no correlation was observed
between the sand and heavy metal concentrations
(Table 8).

TABLE 7
Chemical properties of sediment samples
Characteristics

Station
1

Sand (%)

2

3

74,85 ± 0,74

a

74,47 ± 0,66

a

86,44 ± 0,68

b

75,55 ± 0,78

Silt (%)

4,45 ± 0,67

a

3,09 ± 0,03

a

2,99 ± 0,14

a

4,66 ± 0,74

Clay (%)

20,71 ± 0,68

b

22,45 ± 0,65

b

10,58 ± 0,70

a

19,79 ± 0,08

Sediment

Texture type
Field capacity (%)

a
b

20,63

± 0,40

c 27,20

± 0,52

d

12,03

± 0,49

a 15,90

± 0,06

b

pH

7,93 ± 0,03

b

7,94 ± 0,01

b

7,77 ± 0,02

a

7,85 ± 0,00

C (%)

2,17 ± 0,09

b

1,02 ± 0,02

a

2,81 ± 0,35

b

0,88 ± 0,07

N (%)

0,11 ± 0,00

a

0,11 ± 0,01

a

0,14 ± 0,00

b

0,10 ± 0,00

19,10 ± 0,28

b

9,63 ± 0,65

a

19,54 ± 1,93

b

8,58 ± 0,88

kg-1)

13,25 ± 0,27

b

10,86 ± 0,37

a

18,68 ± 0,92

c

8,70 ± 0,21

NO3-N (mg kg-1)

6,06 ± 0,14

b

2,23 ± 0,05

11,04 ± 0,25

c

2,04 ± 0,09

a

C (%)

37,88 ± 0,96

a

33,89 ± 0,90

a

36,76 ± 1,03

a

37,35 ± 0,80

a

N (%)

2,30 ± 0,01

a

2,39 ± 0,01

b

2,35 ± 0,02

b

2,37 ± 0,00

b

C (%)

32,19 ± 0,95

a

29,04 ± 0,79

a

34,99 ± 2,92

a

32,56 ± 1,58

a

N (%)

2,81 ± 0,00

a

3,07 ± 0,02

b

3,19 ± 0,02

c

2,82 ± 0,01

a

NH4-N (mg

Root

a

Sandy loam (SL)

C/N

Shoot

4

a

Different letters in the same line indicate significant differences at the P < 0.05 level (ANOVA)

TABLE 8
Correlation between some obtained parameters
Ni

Cu

Zn

Cr

Pb

Cd

sand

Ni

1

Cu

0.945**

1

Zn

0.927**

0.987**

1

Cr

0.650*

0.573

0.536

1

Pb

0.624*

0.826**

0.821**

0.397

1

Cd

0.914**

0.939**

0.893**

0.722**

0.803**

1

sand

-0.218

0.095

0.147

-0.431

0.501

-0.074

1

0.046

0.664*

0.063

0.380

-0.442

silt

0.231

clay

0.203

carbon

-0.727**

0.148
-0.115
-0.487

-0.161
-0.448

0.338
-0.519

-0.562
-0.026

silt

-0.968

-0.554

0.764**

1379

carbon

1
**

0.024

**p<0.01, *p<0.05

clay

0.410

1

-0.250

-0.744**

1

ba
a
a
a
a
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A negative correlation was determined
between Cu, Pb, Ni and Cr and sand [2]. This result
might be explained by the low surface area of the
sand particles [1].
Although positive correlations have been
detected between Cu, Ni, Cr [2], Mn, Cr, Fe, Ni
[43], Cd, Pb [44] and clay; according to our finding,
there was no correlation between the heavy metals
and clay. A positive correlation was determined
between Cr and silt (R2= 0.664; p<0.05); and no
correlation was observed with the other metals. A
positive correlation has been found between Cu, Ni,
Cr [2], Cd and Pb [44] and silt in previous studies.
It could be due to fine sediments having a large
surface area that can easily bind pollutants like
heavy metals [1].
Although TOC has the ability to create a
strong complex with metals, it was determined in
our study that there was a strong negative
correlation between the TOC content and Ni (R2=0.727; p<0.01), and no correlation with the other
metals. This result can be explained with the
keeping a float of the stations during summer
months, or the decrease of the organic substances in
the sediment by washing. Similar to our findings,
Kükrer et al. (2014) pointed out that there was no
difference between the elements Cu, Pb, Zn, Ni, Cd
and Cr and TOC [31]. Norville (2005) noted a
positive correlation between TOC and the metals
Hg, Pb, Cu and Zn [43]; while, Raj et al. (2013)
noted a positive correlation between TOC and Cd
and Pb [44].
A significant positive correlation was
observed between TOC and sand, and a negative
correlation between TOC and clay. These results
can be explained by both the properties of the
station and the coastal sedimentations. Due to
effects of waves sand may have deposited more at
the coast or the clay further inland. The clay ratio
was found to be generally low as the sediment
samples were taken from a spot very close to the
shore. Raj et al. (2013) determined a negative
correlation between the TOC and sand, and a
positive correlation between the TOC and clay; and
they reported that the positive correlation between
TOC and clay and sand depends on the dimensions
of the sediment particles [44].
According to the analysis carried out among
the heavy metals, a positive correlation was
observed between the metals studied (except for CrCu, Pb-Cr and Cr-Zn). According to positive
correlation (among metals), it can be said that the
heavy metals in the dam sediment come from
common sources [44].

CONCLUSION
Heavy metal concentrations determined in
6DUÕPVDNOÕ Dam water were below the criteria of
WHO and USEPA. However, it is believed that the
low concentrations of heavy metals in the water
samples may result from the possibility that the
metals were deposited in the sediment during the
sampling period. It is suggested that the waste
discharged to the water feeding the dam can be
affected by humans, such as agricultural and picnic
activities around the dam. Cr and Ni pollution
RFFXUV LQ WKH VHGLPHQWV RI 6DUÕPVDNOÕ Dam. It was
observed that the pollution could reach a level that
threatens the health of humans and other living
organisms if necessary precautions are not taken. It
has been shown that heavy metals accumulate more
in the roots of P. amphibium, thus this plant could
be suitable for the rhizofiltration purposes.
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[1, 2]. Water availability is the primary limiting
factor for plant growth in over 40% of vegetated
areas, whereas another 33% of the area is limited by
cold climate and frozen soil where the water is
unavailable [3]. The land surface exchanges of both
CO2 and water vapor between the biosphere and the
atmosphere are controlled by stomatal aperture for
leaf-level WUE [4], while ecosystem-level WUE
varies among plant functional types and
environmental conditions [5]. Especially for
agriculture, crop WUE is closely related to the
responsible utilization of limited water resource, as
well as for agronomy and decision making in
optimal irrigation management [6,7].
Currently, maize is the most geographically
ubiquitous crop with the third largest area
worldwide. It is cultivated in over 13% of the
ZRUOG¶V FURSODQGV ZLWK WKH PRVW H[WHQVLYH
cultivation occurring from approximately 50°N to
45°S [8]. Maize attains its highest cultivation
intensity in the U.S. corn belt, but it is also a major
commodity in northeastern China (Manchuria),
along the Rift Valley in Africa, and in Eastern
Europe. Thus, accurate and real-time information on
WUE of croplands is very important, with variations
in productivity affecting global food security, as
well as global carbon and water cycles. Moreover,
physical characteristics of fields, biological
properties of crop types, farming practices and
climatic factors all affect cropland productivity. In
the past decades, increasing atmospheric CO2
concentration has greatly increased the air
temperature. However, higher temperatures
stimulate soil and plant evaporation that will likely
enhance the frequency, duration, and intensity of
droughts. Meanwhile, it will stretch out the growing
season, advancing the biological spring and delaying
the biological winter, thus potentially increasing
water demands for terrestrial ecosystems [9]. With
increasing urbanization, industrialization, and other
demands on water, the need to reduce agricultural
water use is also increasing [10]. Therefore,
technologies for monitoring the variability in WUE
are vital to diagnose current farming practices and
determine opportunities for improvement without
yield loss.
Fortunately, with the development of eddy
covariance systems, continuous field measurements

ABSTRACT
Accurate real-time monitoring of the
variability in ecosystem water-use efficiency (WUE)
is crucial for agricultural water management and
food security. How to upscale in situ flux tower
observations to regional or global scales remains
challenging. Nevertheless, few studies attempted
the direct estimation of WUE from remotely-sensed
data. Four agricultural sites including irrigated and
rainfed maize croplands revealed the prominent
roles of temperature, solar radiation and vapor
pressure deficit in driving WUE. MODIS-derived
vegetation indices (NDVI and EVI) as proxies for
plant responses to environmental controls, were
also strongly correlated with crop WUE, thereby
implying significant potential for remote
quantification.
Both
performance
of
the
MODIS-derived WUE from gross primary
production (GPP) and evapotranspiration (ET), and
the estimates on the use of MODIS EVI were
independently evaluated using tower-based
measurements. The results exhibited that ecosystem
WUE was overly predicted at the beginning and
ending of the crop-growth period and severely
underestimated during the peak periods for two
cropping systems based on the estimates from
MODIS products, which were mainly ascribed to
the error source from MODIS GPP. However, an
alternative greenness model based on time-series
MODIS EVI data provided fairly good estimates to
capture the seasonal variations in WUE of maize
croplands.

KEYWORDS:
Water-use efficiency;
vegetation index

maize;

MODIS;

GPP;

ET;

INTRODUCTION
Water-use efficiency (WUE), defined as the
ratio of carbon gain during plant photosynthesis to
water loss through evapotranspiration, has been
widely recognized as an important linkage coupling
the carbon and water cycles in terrestrial ecosystems
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relies entirely on rainfall for crop water
requirements. All the three fields were uniformly
tilled prior to the initiation of the research in 2001.
Since then, US-Ne1 has been continuously under
maize, while US-Ne2 and US-Ne3 have been under
a maize/soybean rotation. All the sites are under
no-till with standard best management practices
prescribed for production-scale maize systems. The
climate of the region is temperate continental with
the growing season usually starting in May and
ending in late October. The soils are deep silty clay
loams, typical of eastern Nebraska, consisting of
the Tomek, Yutan, Filbert, and Filmore soil series.
Further information on the site characteristics can
be found in the research of Suyker et al. [23, 24]
and Verma et al. [25].
In addition, the site±US-Bo1 (Û1
Û:) located in the Midwestern part of the
United States, near Champaign, Illinois was also
used. The site has been under continuous no-till
(since 1986) with alternating years of soybean and
maize from 1996 to present (maize in the odd years
and soybean in the even years). This is also a
rainfed cropping system. Soil type is silt loam
consisting of three soil series (Dana, Flanagan, and
Drummer). The field has the same temperate
continental climate with prevailing winds during
the summertime from the south. A detailed
description of the site can be seen in Meyers and
Hollinger [26] and Bernacchi et al. [27].

needed for the estimation of WUE have become
available in recent decades [11-14]. However, the
extrapolation of site-level WUE estimates from flux
sites to regional or global scales remains a challenge.
Remote-sensing techniques have shown effective to
estimate large-area gross primary production (GPP)
and evapotranspiration (ET) because of high spatial
and temporal coverage [15-17]. Both processes of
GPP through photosynthesis and water loss by ET
are closely related to biophysical properties (e.g.,
biomass, leaf area, and growth stage) and
environmental factors [18-19]. Then, large-scale
ecosystem WUE can be inferred by dividing GPP
with ET as defined [20]. Tian et al. [21] firstly
assessed the long-term changes of annual mean
WUE across many biomes using the dynamic land
ecosystem model. But the simplification without
considering irrigated water might result in an
overestimation of WUE for croplands. In addition,
although Tang et al. [22] evaluated the global
distribution of terrestrial WUE as well as changes in
the past decade using MODIS products on annual
time scale, the consistencies with tower-based WUE
at short time scales remain unclear. Precise
information on seasonal variations in WUE is more
closely correlated to agricultural water management.
Therefore, the present study aims to: 1) explore
the underlying mechanisms of environmental and
biological factors in driving the variability in WUE
for two cropping systems (irrigated vs rainfed) of
maize croplands; 2) evaluate the performance of
MODIS WUE estimates from GPP and ET products
in capturing the seasonal dynamics of tower-based
WUE at two independent flux sites; and 3) propose
a new method directly based on the remotely sensed
data.

Site-specific climate and flux data. Our
analysis is based on continuous observations of
land-surface exchanges of carbon and water fluxes
downloaded
from
Ameriflux
(http://ameriflux.ornl.gov/), which is part of a
global network of micrometeorological towers
called FLUXNET community [28, 29]. It also
provides measurements of ecosystem-scale water
flux, CO2 flux, the meteorological variables
including solar radiation (Rg), air temperature (T a),
vapor pressure deficit (VPD), precipitation (P), soil
temperature and moisture, and the GPP estimates
derived from the measured net ecosystem carbon
exchange (NEE). The level 4 product at weekly
(8-day) period is used in this study. The original
NEE data are gap-filled using the marginal
distribution sampling method and artificial neural
network method, respectively. Generally, the latter
results are better than the former [30-32]. In
addition, the missing data due to system failures,
stable atmospheric conditions or rejection of poor
data are gap-filled using standardized approaches to
provide complete data sets [31, 33]. Two years of
data for both annual maize/soybean rotation fields
(US-Ne2: irrigated; US-Ne3: rainfed) during the
maize planting years±2003 and 2005, and one-year
data (2005) for the other irrigated, continuously
maize site±US-Ne1, as well as additional rainfed,

MATERIALS AND METHODS
Site descriptions. This study was conducted
using climate and flux data from four agricultural
sites including irrigated and rainfed maize croplands.
These fields are continuously or annually cultivated
with maize or maize/soybean rotation. Three flux
tower sites benefit from an established research
facility in the University of Nebraska Agricultural
Research and Development Center, near Mead,
Nebraska, U.S.A. These research sites are large
production fields (about 65 ha) at the western edge
of the favorably rainfed ³Corn Belt´, which provide
sufficient upwind fetch of uniform cover required
for adequately measuring mass and energy fluxes
through eddy covariance systems. The primary
differences among these sites are crop rotation and
water management. Two sites (US-Ne1: 41.1651ÛN,
96.4766ÛW; US-Ne2: 41.1649ÛN, 96.4701ÛW) are
equipped with center-pivot irrigation systems, while
the third site±US-Ne3 (41.1797ÛN, 96.4396ÛW)
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aerodynamic resistances, as well as the vegetation
cover fraction. Both MODIS GPP and ET products
at 8-day time scale with the resolution of 1 km are
available from http://www.ntsg.umt.edu/project and
can be used to calculate ecosystem WUE by
dividing MODIS GPP with ET.
In addition, the 8-day composite land surface
reflectance (MOD09A1, with resolution of 500 m)
data from one MODIS pixel where the four flux
tower sites located were downloaded from the Oak
Ridge National Laboratory¶s Distributed Active
Archive
Center
web
site
(http://daac.ornl.gov/MODIS/). The version of
MODIS data is collection 5. Reflectance values of
three spectral bands (blue, red, and near infrared)
were used to calculate the vegetation indices
including normalized difference vegetation index
(NDVI) and enhanced vegetation index (EVI) [36],
respectively. Cloudy observations in a time series
of vegetation indices were gap-filled using a simple
gap-filling method and the cloud quality flag in the
surface reflectance files [37,38]. These vegetation
indices have been proven sensitive to vegetation
production, plant transpiration and phenological
information [39-42]. NDVI and EVI were
calculated using the following equations:

annual rotation of maize and soybean field±US-Bo1
were used in this study.
Crop WUE can be characterized in many ways
in terms of scientific disciplines as well as the
temporal and spatial scope of interest [1, 5]. This
study used the ecosystem-level definition with
WUE=GPP/ET, which is closely related with
various ecosystem models [11, 34]. Then, the
seasonal variations in WUE can be described using
8-day WUE (g C kg-1 H2O). ET (mm/day) was
inferred from the observed latent heat (LE, w/m2)
fluxes by means of the formula ET = LE/Ȝ (Ȝ is the
amount of energy required to evaporate 1 kg liquid
water to vapor with about 2454000 J kg-1).
Satellite-derived MODIS products and
processing. Currently, satellite-based products of
terrestrial GPP and ET from NASA MODIS have
been developed and experienced ongoing
improvement during the past decade [19, 22, 35].
Zhao et al. [15] found that the old GPP product
(Collection 4) subject to a series of biases owing to
the problems in the upstream inputs. Successively,
GPP estimates were amended through an algorithm
update and parameters refinements which generated
an enhanced Collection 5 MOD17 product. The
8-day composites of MODIS LAI/FPAR data with
the resolution of 1-km were introduced into the
processing methods of GPP as remote
sensing-based
vegetation
properties.
The
information in the quality-assessment flags were
used to gap-fill the data gaps in the time-series
MODIS LAI/FPAR product resulted by clouds.
Near real-time meteorological data are obtained
from the National Center for Environmental
Prediction (NCEP) to drive the algorithm. The
continuous 8-day MODIS GPP values are summed
up to generate monthly and annual GPP data.
Besides this, the global evapotranspiration data
have been developed to quantitatively evaluate the
regional soil water status and energy balance which
is key for agricultural water management. The
potential effects of changes in global climate, land
use/land cover, as well as the natural disturbances
such as wildfires on regional surface energy change
and water cycles can also be examined with
long-term ET products. Mu et al. [35] developed
the global satellite remote sensing-based ET
product with an improved algorithm using MODIS
and ground-based meteorological observations. The
improvements included 1) separation of the dry
canopy from the wet that caused water consumption
by evaporation from the intercepted water and the
plant transpiration; 2) considering land surface
evaporation as the sum of the saturated and moist
soil surface; 3) inclusion of daytime and nighttime
components; 4) estimation of the soil heat flux
value as radiation partitioned from the land surface;
5) improving the estimates of canopy and

NDVI
EVI

Unir  Ured
Unir  Ured

2.5

U nir  U red
U nir  (6 U red  7.5U blue)  1

(1)
(2)

where ȡnir, ȡred, and ȡblue are the spectral reflectance
in MODIS bands 2, 1 and 3, respectively. MODIS
observations were obtained for a time period
consistently with that of tower-based measurements
for comparison. Time-series EVI and NDVI data
were used to analyze the correlations with seasonal
variations in crop WUE and develop a new
approach for quantifying WUE.
Statistical analysis.
Pearson correlation
analysis was conducted to examine the relationship
between ecosystem WUE and the controlling
environmental/biophysical factors in the two
cropping systems (irrigated maize and rainfed
maize) at both annual maize/soybean rotation
fields±US-Ne2 and US-Ne3 using SPSS 19.0
(Chicago, IL, USA). Based on the above analysis,
this study intends to propose an alternative method
to characterize the variability in ecosystem WUE of
irrigated and rainfed maize croplands by exclusive
use of remotely sensed data, as well as to explore
the
potential
of
upscaling
tower-based
measurements to large scales for a better
understanding of vegetation activities. Validity and
transferability of the calibrated model were
independently tested at two additional irrigated and
rainfed maize sites±US-Ne1 and US-Bo1,
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the magnitude of WUE between the two sites.
Approximately 69% of the annual precipitation
occurred during the cultivation-period at the
US-Ne2 site, which was also fairly well distributed
throughout the year with peak during summertime.
However, the amount of annual rainfall at US-Ne3
was obviously less than that at US-Ne2 over the
period of 2003 and 2005, which also exhibited poor
correlation with ecosystem WUE at 8-day time
scale. Nevertheless, natural rainfall is vital to the
plant growth as the only water supply for the
rainfed croplands.
As proxies of the biological properties
reflecting the response of vegetation to
environmental
controls,
time-series
MODIS-derived EVI and NDVI data performed
consistently with seasonal variations in crop WUE.
Both vegetation indices presented fairly similar
temporal patterns as WUE, suggesting the great
potential for remote quantification. After planting,
they started to increase rapidly in late May, reached
peak values during peak growth (about July to
August), and gradually declined after crop
senescence or harvest in late October, which also
corresponded well with the timing of WUE. Both
EVI and NDVI exhibited significant correlations
with WUE at the irrigated and rainfed maize sites.
Table 1 also indicated that EVI could explain more
variations in WUE than NDVI did. If the two water
managements were considered together, correlation
coefficients between the vegetation indices (EVI
and NDVI) and WUE reached 0.889 and 0.863,
respectively. Therefore, these analyses revealed that
the use of EVI instead of NDVI could provide
better results for remote sensing-based applications.
Moreover, slightly smaller magnitudes in the peak
values of both EVI and NDVI were observed at the
rainfed maize (US-Ne3) compared to the irrigated
maize (US-Ne2), which may be attributed to the
relatively decreased crop density as well as the
water stress during the growth period at US-Ne3
[25]. As illustrated in Table 1, it again
demonstrated its significant relationship with the
GPP and ET processes based on previous findings
in forests [43], crops [6, 42], and grasslands [2, 44].

respectively. Moreover, we evaluated the
performance of MODIS-derived WUE from
time-series GPP and ET products to determine crop
WUE. Possible error sources were explored by
comparing of the key processes related to
vegetation productivity and ecosystem ET.
Coefficient of determination (R2), root mean
squared error (RMSE), scatterplots, and seasonal
variations in predicted WUE versus in situ WUE
are used to comprehensively assess the model¶s
performance.

RESULTS AND DISCUSSION
Seasonal variations in WUE with
environmental and biological controls. The
northern continental climate with short, moist
growing seasons in the summertime and cold,
relatively dry winters exhibits a profound effect on
plant functional properties related to carbon and
water cycles [34, 43]. The growing season of maize
cropland in this region generally begins in May to
the end of October. Seasonal variations in the 8-day
crop WUE derived from flux measurements with
the environmental conditions including Rg, Ta,
VPD, P and the vegetation indices±EVI and NDVI
observed at the irrigated and rainfed maize
sites±US-Ne2 and US-Ne3 during 2003 and 2005
are shown in Figure 1. The physical performance of
these biotic and abiotic factors driving the
variability in WUE was also examined using
Pearson¶s correlation analysis in Table 1.
Time-series WUE data demonstrated distinct
seasonal cycles strongly covarying with Ta, Rg and
VPD. During winter months, because low
temperature and frozen soils inhibit the vegetation
growth and photosynthetic activities, WUE values
are nearly zero. As temperature rises in the spring
planting season, crops begin to grow and ecosystem
photosynthesis capability gradually increases
accompanied by plant transpiration. Ecosystem
WUE of both irrigated maize and rainfed maize
reached peak values during about mid-July to early
August, and then turned to decline until the harvest
in late October. Despite differences in irrigation
practices, no obvious distinctions were observed in

TABLE 1
Correlation analysis between ecosystem water use efficiency and the controlling
environmental/biophysical factors at the maize cropland fields.
Note: **Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.

Site
used
US-Ne2
US-Ne3
Both
sites

Water
supply
irrigated
rain-fed

GPP
(g C m-2 d-1)
0.972**
0.961**

ET
(mm d-1)
0.934**
0.897**

Rg
(MJ m-2 d-1)
0.679**
0.669**

Ta
(ÛC)
0.750**
0.752**

VPD
(h Pa)
0.650**
0.733**

P
(mm d-1)
0.501**
0.017

±

0.960**

0.907**

0.673**

0.751**

0.693**

0.281*

1386

EVI

NDVI

0.935**
0.854**

0.904**
0.825**

0.889**

0.863**
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FIGURE 1
Seasonal dynamics of solar radiation (Rg), air temperature (Ta), vapor pressure deficit (VPD),
precipitation (P), MODIS-derived vegetation indices (EVI and NDVI) and ecosystem water-use efficiency
(WUE) from tower-based measurements at the irrigated (US-Ne2) and rainfed (US-Ne3) annual
maize/soybean rotation sites during 2003 and 2005, with the growth period highlighted.

EVI and NDVI with tower-based WUE (WUEEC)
implied the possibility to develop a method that
directly based on these vegetation indices. We

A new method to estimate WUE by
exclusive use of MODIS EVI data. The strong
relationship between time-series MODIS-derived
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As shown in Figures 2 and 3, no matter the irrigated,
continuously maize field (US-Ne1) or the rainfed
annual maize/soybean rotation (US-Bo1), the
seasonal dynamics of WUEEVI agreed reasonably
well with tower-based WUEEC at 8-day time scale,
which also exhibited a nearly linear relationship
with R2 and RMSE of 0.92 and 0.48 g C kg-1 H2O
for US-Ne1, and 0.84 and 0.86 g C kg-1 H2O for
US-Bo1, respectively. In contrast to EVI, although
the model based on NDVI also captured the
primary trend of WUEEC, there still existed a few
periods of 8-day WUEEC that were slightly
underestimated during the peak periods and
overestimated at the seedling stage and after harvest
for the maize croplands. The corresponding R2 and
RMSE at US-Ne1 and US-Bo1 were 0.89 and 0.58
g C kg-1 H2O, and 0.81 and 0.98 g C kg-1 H2O,
respectively. Therefore, ecosystem-level WUE of
both the irrigated and rainfed maize croplands can
be accurately retrieved using the greenness model
based on MODIS EVI data. Although this study
proposed a universal model with differences in
irrigation and crop rotation managements among
four maize flux sites and exhibited encouraging
performance, owing to the diversity in climate
conditions, maize varieties, and management
practices [20, 34, 42, 45], more representative flux
sites should be introduced to establish a robust and
general approach for WUE estimate.

established simple linear models by exclusive use
of 8-day EVI and NDVI data. Without
distinguishing the irrigated and rainfed maize
croplands, ecosystem WUE can be retrieved using
equations 3 and 4 as follows:
WUE=7.570×EVI-1.041
(3)
WUE=5.565×NDVI-1.227
(4)
Regression coefficients (R2) reached up to
0.82 and 0.75, respectively, which indicated that
NDVI accounts for 75% of WUEEC variances while
EVI has a slightly stronger linear relationship. As
crop canopy approached full maturity, EVI can
detect more increased subtle canopy density
increases than NDVI could. These analyses implied
that the greenness model with exclusive use of
MODIS vegetation indices demonstrates a great
capacity for monitoring the variability in WUEEC
and EVI performs particularly well. However,
effectiveness of the calibrated model for other crop
sites directly affects its spatial extrapolation.
Therefore, tower-based measurements of carbon
and water fluxes at two additional irrigated maize
site±US-Ne1 and rainfed maize site±US-Bo1 were
used for independent validation.
Performances of the greenness model based on
the MODIS-derived EVI (WUEEVI) and NDVI data
(WUENDVI) were evaluated, respectively, using
scatter plots between predicted versus measured
WUE and the seasonal variations between them
during the periods of 2005 at both independent sites.

FIGURE 2
Independent validation of seasonal variations in ecosystem water-use efficiency from the flux tower
measurements (WUEEC) and the estimates from the greenness model (GR) based on the MODIS-derived
EVI (WUEEVI) and NDVI (WUENDVI) data, respectively at the irrigated, continuously maize site (US-Ne1)
and the rainfed annual maize/soybean rotation site (US-Bo1) during 2005, with the growing season
highlighted. Each data point represents an average value of eight-day composites.
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FIGURE 3
Scatterplot comparison between eight-day ecosystem water-use efficiency from the flux tower
measurements (WUEEC) and estimates from the greenness model (GR) based on the MODIS-derived EVI
(WUEEVI) and NDVI (WUENDVI) data, respectively at the irrigated, continuously maize site (US-Ne1) and
the rainfed annual maize/soybean rotation site (US-Bo1) during 2005.

greenness model, although empirical, provided
fairly good estimates of seasonal variations in
ecosystem WUE. This finding may be correlated
with the embedded phenological information in the
time-series MODIS EVI data. Chen et al. [46] also
implied that that in order to precisely evaluate the
land-surface mass (water and carbon fluxes) and
energy budgets, crop phenology is of great
importance and needs to be incorporated into the
biophysical ecosystem process models.
This analysis pointed to potential uncertainties
in the coupling processes including MODIS GPP
and ET products such as the algorithm, various
upstream inputs, and biome-specific parameters
stored in Biome Properties Look-Up Table.
However, further analysis is needed to identify
whether MODIS GPP or ET contributes more to the
observed discrepancies in WUEEC. Therefore,
seasonal patterns of GPP and ET from flux
measurements and the MODIS estimates were
compared to explore the possible reasons for the
biases between WUEEC and WUEMOD.

Comparison of MODIS WUE estimates
from GPP and ET, and the greenness model.
Ecosystem WUE can be indirectly inferred by
dividing MODIS GPP with ET product. However,
few studies have certified its performance at 8-day
time scale. Figures 4 and 5 illustrated the capacity
of MODIS WUE estimates (WUEMOD) from GPP
and ET to capture the variability in WUEEC at two
independent flux sites. The growth period of maize
cropland was also highlighted. As changes in
WUEEC, WUEMOD only kept a relatively consistent
tendency for both irrigated and rainfed maize
croplands with two pronounced biases. On one
hand, MODIS WUE estimates significantly
overpredicted WUEEC at the beginning and end of
the crop growth period; on the other hand,
ecosystem WUE throughout the summertime were
poorly underestimated and even formed a trough
during peak WUE periods, which was particularly
remarkable for the irrigated site±US-Ne1. R2 and
RMSE at US-Ne1 and US-Bo1 were 0.36 and 1.95
g C kg-1 H2O, and 0.31 and 2.24 g C kg-1 H2O,
respectively. In contrast in Figures 2 and 3, the
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FIGURE 4
Comparisons of seasonal dynamics in ecosystem water-use efficiency from tower-based measurements
(WUEEC), predicted from MODIS GPP and ET products (WUEMOD), and estimated based on the
developed greenness model (WUEEVI) at the irrigated, continuously maize site (US-Ne1) and the rainfed
annual maize/soybean rotation site (US-Bo1) during 2005, with the growth period displayed in gray. Each
data point represents an average value of eight-day composites.

FIGURE 5
Scatterplot comparison between eight-day ecosystem water-use efficiency from the flux tower
measurements (WUEEC) and estimates from MODIS GPP and ET products (WUEMOD) at the irrigated,
continuously maize site (US-Ne1) and the rainfed annual maize/soybean rotation site (US-Bo1) during
2005.

MODIS ET algorithm over the irrigated fields need
to be further enhanced. Besides that, large
differences existed in the seasonal dynamics of
GPPEC and GPPMOD. Similar to the variability in
tower-based WUE, GPP was significantly
overestimated at the seedling stage and after harvest
but severely underestimated during the growing
seasons. The percentage difference can even reach
50% at the irrigated site. For US-Ne1, the large
trough during peak WUE periods (Figure 4) is
solely attributed to large biases from both MODIS
GPP and ET products. Currently, MOD17
algorithm prescribes constant values of model
parameters, such as light-use efficiency, for the
agricultural biome regardless of crop type [49-52].
The fact that differences between C3 and C4
photosynthetic pathways are not accounted for,

As shown in Figure 6, MODIS ET product
performed reasonably well with measured ET at the
rainfed maize site±US-Bo1 with only several
exceptions. Previous studies also confirmed that the
overall percentage deviation of annual mean ETEC
and ETMOD was less than 10% for both maize and
soybean croplands relying completely on rainfall
[47]. The underestimations of ET during the
growing seasons at US-Ne1 can be mainly ascribed
to the available irrigation water supply in irrigated
fields. Alfieri et al. [48] also indicated that the
uncertainties of the EC observations over the
irrigated field were higher than those over the
rainfed field owing to advection effects. This study
also certified the over-prediction of crop WUE
without considering irrigated croplands proposed
by Tian et al. [21]. Therefore, improvements in the
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MODIS GPP product needs to consider these
differences for the purpose of monitoring
vegetation production accurately.

FIGURE 6
Comparisons of seasonal variations in gross primary production and evapotranspiration between flux
tower observations (GPPEC, ETEC) and MODIS estimates (GPPMOD, ETMOD) at the irrigated, continuously
maize site (US-Ne1) and the rainfed annual maize/soybean rotation site (US-Bo1) during 2005, with the
growing season highlighted.

at two additional irrigated and rainfed maize fields
demonstrated this point. Expanding this research to
other maize and C4 croplands flux sites, considering
longer time series of data and covering wider
geographic distributions, is needed to further
validate the proposed approach. Currently, C4 plants
such as sorghum and switchgrass have been used to
produce biofuel feedstock. The method proposed in
this study can provide an effective tool to
characterize the variability in WUE of these fields.
With the support of accurate MODIS ET data, a
new satellite-based GPP product may also be
attained without using complicated ecosystem
models, plenty of meteorological observations, and
various biome-specific parameters of the C3 and C4
species. Certainly, additional efforts will be made to
further improve the ET product.

CONCLUSIONS
Tower-based measurements of carbon and
water fluxes from four maize croplands under
different irrigation and crop rotation managements
(irrigated vs. rainfed; continuous maize vs. annual
maize/soybean rotation) were analyzed to develop a
novel method to characterize ecosystem WUE from
satellite remote-sensing data. Strong correlations
between WUEEC and vegetation indices indicated
the potential use of time-series MODIS EVI and
NDVI data to upscale site-specific WUE over large
maize areas. The indirect WUE estimates from
MODIS GPP and ET products exhibited large
discrepancies mainly attributed to the uncertainties
in MOD17 algorithm. Furthermore, the MODIS ET
product over the irrigated fields was greatly
underestimated because of the available irrigation
water during the growing seasons. However, the
greenness model with exclusive use of MODIS EVI
data determined the seasonal variations in WUEEC
well at the 8-day time scale. Independent validation
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ABSTRACT

INTRODUCTION

Large areas of saline-alkaline land in China are
polluted by phthalic acid esters (PAEs). Among the
PAEs, dimethyl phthalate (DMP) is an important
synthetic organic that seriously threatens human
health. The objectives of this study are to investigate
the biodegradation kinetics of DMP by a new
bacterium, Bacillus sp. M7, isolated from
saline-alkaline soil and to optimize the degradation
rate of DMP using response surface methodology
(RSM). Bacillus sp. M7 can utilize DMP as its sole
carbon and energy source under high salinity and
alkaline conditions. Results show that the
biodegradation process fits well with a first-order
kinetic model and the half-life of DMP degradation
ranges from 0.8682 to 2.2696 d as the initial DMP
concentration varies from 10 to 800 mg/L. The
separate effects of pH, temperature, Na+ level and
Fe2+ level on the kinetics of DMP biodegradation
were also determined. Results of batch experiments
show that the four environmental factors strongly
affect DMP degradation. The DMP degradation rate
decreases significantly at the levels > pH 9.0, > 40
°C, > 6 g/L Na+ or > 40 mg/L Fe2+. After
optimization of the four factors using RSM, the
DMP degradation rate increases by 32.4% than that
under basic conditions and is maximized to 2.2771
mg/(L· h). This is the first report on the statistical
optimization of DMP degradation rate.

Dimethyl phthalate (DMP), one Phthalic acid
ester (PAE), is an important synthetic organic
compound widely used in plastic, coatings and
cosmetics industries. PAEs and their degradation
intermediates even at low concentrations may cause
cancers and functional disturbances in the nervous
systems. Due to the low chemical affinity of PAEs in
products, they could migrate into water, soils and
even everywhere. Therefore, US Environmental
Protection Agency lists DMP and other PAEs as
top-priority environmental pollutants [1-3].
Metabolic
breakdown
of
DMP
by
micro-organisms has been proved to be an effective
and economical removal route of environment
degradation due to its low rate of hydrolysis and
photolysis [4]. Many investigations have
demonstrated the biodegradation of DMP in the
sludge [5], garbage dumped soil [6], mangrove
sediment [7], and coastal sediment [8]. So far,
however, there is no study on PAEs biodegradation
by microorganisms in saline alkali soil. In the
northwest, northeast and coastal regions of China,
more than 30 million km2 of saline-alkaline lands
are polluted by PAEs [9-10]. Therefore, it is
important to study PAEs biodegradation under
saline-alkaline conditions.
Previous
studies
show
that
PAEs
biodegradation is notably influenced by pH,
temperature, bacterial concentration and some ions
[11-12]. These factors could interfere with the
growth of PAEs-degrading strains and esterase
enzyme activity, thus decreasing biodegradation
rate [13]. The biodegradation rate of PAEs has been
optimized in most studies using a single variable
optimization method [4, 13-14] or an orthogonal
design method [15-16]. However, these methods are
not only tedious, but can lead to misinterpretation
of results, especially because the interaction effects

KEYWORDS:
Bacillus sp., biodegradation, dimethyl
optimization, response surface methodology.

phthalate,
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between different factors are overlooked [17].
Compared with the single variable and orthogonal
design method, statistical experimental design has
the advantages of reducing experiment numbers and
improving statistical interaction analysis [18]. To
our knowledge, little information is available on the
optimization of DMP biodegradation rate using
response surface method (RSM).
In the present study, we first isolated a
bacterium from saline-alkaline soil, which is
capable of degrading DMP at saline-alkaline
conditions, and then investigated the optimization
of DMP biodegradation rate using RSM.
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dispersed. MSM-DMP agar plates were made using
MSM-DMP and addition of powdered agar (2.0%).
All other medium and containers were sterilized by
autoclaving at 121°C for 25 min.
Isolation of DMP-degrading bacteria. The
isolation procedure of DMP-degrading bacteria was
similar to that described by two previous studies [5,
19] ZLWKVRPHPRGL¿FDWLRQV. Saline-alkali soil (5 g)
was diluted to 10-7-10-8 suspension using 50 ml of
sterilized water. 7KHQȝORIVRLOVXVSHQVLRQZDV
spread over a petri dish containing solid
MSM-DMP. The petri dishes were placed in an
incubator (BPX-82, CIMO Medical Instrument,
China) at 30°C for 72 h. The strains were further
purified through several rounds of endpoint dilution
until a pure isolate was obtained. The isolate was
identified as Bacillus sp. and named as M7
according to its morphology and with comparison
to 16S rDNA gene sequence. After isolation, B. sp.
M7 was transferred onto MSM-DMP slant medium
for preservation and further use.

MATERIALS AND METHODS
Chemicals. DMP with 99.5% purity was
purchased from China National Medicine Group.
All other chemical reagents were of analytical
grade and all solvents were of high-performance
liquid chromatography (HPLC) grade. All
experiments were carried out in glass containers,
which eliminated the interference of trace-level
DMP from plastics on the experiment results.

Preparation of bacterial suspension. The
preparation of bacterial suspension followed the
method of Lu et al. [16] with some modifications.
The MSM-DMP liquid medium was inoculated by
transferring a loop full of microorganism from the
slant culture into 250 ml Erlenmeyer flask at 30°C
on a rotary shaker at 100 rev/min (SHA-C, Guohua
Electrical, China). Then the medium was harvested
by centrifuging (Sigma 1-14, Germany) in a 50 ml
Eppendorf centrifuge tube at 6000×g for 10 min.
The cell pellet was washed twice with 0.05 mol/L
phosphate buffer solution (pH8.0) under sterile
conditions, and re-suspended in the same buffer to
O.D.600=0.2. The bacteria suspension was prepared
for the degradation and optimization experiments.

Source of microorganisms. The bacteria
used in this study were isolated from saline-alkali
soil in Tailai County, Qiqihar City, Heilongjiang
Province, China. The soil samples were stored in
plastic bags at 4 °C for two weeks before
experiments. The physicochemical properties of
soil samples were: pH 8.4-9.0, moisture content
16.38%-18.05%, and water-soluble salt content
0.87%-0.92%.
Preparation of medium. A minimum salt
medium (MSM) used for isolation and cultivation
of bacteria and degradation experiments consisted
of the following chemicals (g/L): K2HPO4, 1.12;
KH2PO4, 0.08; NH4NO3, 1.0; MgSO4·7H2O, 0.5;
CaCl2, 0.1; FeCl2, 0.02; NaCl, 5.0; MnCl2·4H2O,
0.02 and ZnCl2, 0.01. The initial pH of the MSM
was adjusted to 8.0 with sterile 1.0 mol/L NaOH or
HCl. After filter sterilizatiRQ WKURXJK  ȝP
membrane filter (HP139, Sangon Biotech, China)
on a pre-sterilized vacuum filtration apparatus,
DMP was added directly to the sterile MSM as the
sole carbon and energy source. Then the
MSM-DMP was sonicated under aseptic conditions
for 5 min using an ultrasonic processor (DL-380B,
Wuxiang Instrument, China) until DMP was fully

Degradation experiments. All degradation
experiments were carried out in 500 ml glass flasks
containing 5 ml of bacterial suspension, 100 ml of
MSM, and different initial concentrations of DMP.
The initial pH of the medium was adjusted
according to the experimental design. The glass
flasks were then incubated on the rotary shaker
operated at 30 °C and 150 rev/min in dark. At 24 h
interval, 5 ml of sample was withdrawn and
SUHVHUYHGDWí&EHIRUHPHDVXUHPHQWRIUHVLGXDO
DMP concentration by gas chromatogram (GC). A
blank control was set up as above but without cells
addition to eliminate the possibility of DMP
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is the ith OLQHDU FRHIILFLHQWV Įii is the ith quadratic
FRHIILFLHQW DQG Įij is the ijth interaction coefficient,
xi and xj are the levels of the independent variables
(pH, temperature, Na+, and Fe2+) that influence the
response variable Y. Statistical significance of the
PRGHO HTXDWLRQ ZDV GHWHUPLQHG E\ )LVKHU¶V WHVW
value, and the proportion of variance explained by
the model was obtained by calculating the multiple
coefficients of determination R-squared (R2) value.
Design expert (Version 8.0.5, State-Ease Inc., USA)
was used in this investigation.

decomposition by chemical reactions such as
hydrolysis and oxidation. All the experiments were
performed in triplicate.
Factors such as initial pH (5.0, 6.0, 7.0, 8.0,
9.0, 10.0, 11.0), temperature (15, 20, 25, 30, 35, 40,
45°C), Na+ level (2, 4, 6, 8, 10, 12, 14 g/L), Fe2+
level (10, 20, 30, 40, 50, 60, 70 mg/L) were
investigated for 6 days under the same conditions as
above to evaluate their effects on DMP degradation
by B. sp. M7.
Analytical methods. The concentration of
residual DMP was determined by a GC instrument
(7820A, Agilent Technologies, USA) equipped with
an FID detector and an HP-5 capillary column (0.32
PPî Pî ȝP  7KH FRQGLWLRQV ZHUH DV
follows: carrier gas, high pure nitrogen gas (1
ml/min); FID detector, 280°C; injector temperature,
& LQMHFWLRQ YROXPH  ȝl. The column was
maintained at 60°C for 5 min and then increased to
270°C over a 10 min period with an increase rate of
30°C/min.

RESULTS AND DISCUSSION
DMP biodegradation kinetics.
DMP
degradability by B. sp. M7 was investigated in dark
with initial DMP concentration from 10 to 800
mg/L. The first-order kinetics has been used
frequently to describe biodegradation progress [11,
21]. The degradation of different concentrations of
DMP by M7 followed a first-order kinetic equation:

ln C kt  A

Optimization of degradation rate using
RSM. A statistical model was obtained using
Central Composite Design (CCD) with four
independent variables: pH, temperature, Na+ level,
and Fe2+ level. Each variable was studied at five
levels: íĮ, í1, 0, +1, and Į (Table1). The full
experimental plan for RSM performed with 30
experiments is listed in Table 3. The data obtained
from RSM on degradation rate constant k were
subjected to analysis of variance (ANOVA). The
RSM results were used to fit a second-order
polynomial function (1) as it represents the
behaviors of such a system more appropriately [20].

Yi



[Equation 2]

where C is the residual concentration of DMP
(mg/L), k is the degradation rate constant
representing the level of degradation rate, t is time
(d), and A is a constant. The half-life of DMP
degradation by M7 and the decreasing rate of DMP
concentration were calculated according to the
equation 3 and the equation 4, respectively:

t1 / 2

v

D 0  ¦D i xi  ¦D x  ¦D ij xi x j
2
ii i

ln 2
k

C0
2 u t1 / 2 u 24

[Equation 3]

[Equation 4]

where t1/2 is the half-life of DMP degradation
(d), v is the decreasing rate of DMP concentration
(mg/(L· h)), C0 is the initial concentration of DMP
(mg/L).

[Equation 1]
where Yi is the predicted response
(degradation rate constant k), i and j are from 1 to
the QXPEHURIYDULDEOHV Q Į0 LVWKHRIIVHWWHUPĮi

1397

E\363 

9ROXPH²1RSDJHV 



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

TABLE 1
Experimental ranges and levels of independent variables.

Symbol code

Independent variables

X1
X2
X3

Levels
íĮ

í1

0

+1

Į

pH

8.0

8.5

9.0

9.5

10.0

Temperature (°C)

30

35

40

45

50

+

2

4

6

8

10

2+

20

30

40

50

60

Na (g/L)

X4

Fe (mg/L)

FIGURE 1
Degradation of DMP by Bacillus sp. M7 in different initial concentrations.

TABLE 2
Kinetic equations of DMP degradation in different initial concentrations
Initial concentration

Decrease rate v

R2

Kinetic equations

Half-life t1/2 (d)

10

lnC = í0.7984t + 2.3204

0.8682

0.2400

0.9803

50

lnC = í0.6614t + 3.9419

1.0480

0.9940

0.9817

100

lnC = í0.5649t + 4.6237

1.2270

1.6979

0.9925

200

lnC = í0.4814t + 5.3095

1.4399

2.8937

0.9970

400

lnC = í0.4284t + 6.0130

1.6180

5.1504

0.9927

600

lnC = í0.3696t + 6.4169

1.8754

6.6652

0.9952

800

lnC = í0.3054t + 6.7117

2.2696

7.3434

0.9932

(mg/L)

(mg/(L· h))

with the increase of DMP concentration, which may
be attributed to the toxicity of DMP at higher
concentration [22]. The half-life of DMP
degradation in MSM ranges from 0.8682 to 2.2696
d as the initial DMP concentration varies from 10 to
800 mg/L. After 3 d of incubation, >99% of DMP

The experimental data of DMP biodegradation
were fitted using the first-order kinetic model and
the kinetic equation and the results are shown in
Figure 1 and Table 2 respectively. Clearly, the DMP
degradation by M7 fits well with the first-order
kinetic equation. The biodegradation rate is reduced
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was biodegraded with the presence of < 100 mg/L
DMP. As reported, the half-life of DMP degradation
by Variovorax sp. isolated from garbage dumped
soil [6] and 3VHXGRPRQDVÀXRUHVHQFHV FS1 isolated
from activated sludge collected from a
petrochemical factory [21] is 2.4 h and 9.49 h
respectively with the presence of 300 mg/L DMP.
Flavobacterium sp. A-9 almost completely
degraded 1000 mg/L DMP in less than 2 d [23]. The
degradation of 700 mg/L DMP after 35 h incubation
by Variovorax sp. BS1 was >99% [12]. Thus,
comparative evaluations indicate that DMP
biodegradation efficiency of B. sp. M7 is relatively
low, but it could degrade DMP under atrocious
conditions, such as alkaline and high salt
concentration. To increase the biodegradation rate,
it is necessary to investigate the effects of
environmental factors (e.g. pH, temperature, and
some metal ions) on the DMP degradation rate and
to optimize the degradation rate.
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DMP increases rapidly with the temperature rise
from 15 to 35 °C. When it rose to 40 °C, the
degradation rate still increased, but slightly.
However, the degradation rate of DMP decreased
significantly above 40 °C. The maximum k was
0.7434, equal to v of 2.2344 mg/(L· h).
Effects of Na+ level and Fe2+ level on DMP
biodegradation. Salt concentration is important
in maintaining the osmotic pressure of bacterial
cells, but too high or too low concentration may
inhibit cell growth [15]. Figure 2 (C) shows that
addition of 6 g/L NaCl to MSM was preferred for
DMP biodegradation by B. sp. M7. However, DMP
degradation rate declined rapidly with further
increase of NaCl, and was inhibited seriously by
addition of more than 8 g/L salinity. In some
previous reports, the degradation rate was
maximized at the level of 1 g/L NaCl [24] and <5
g/L [25]. However, the optimum concentration of
NaCl in this study is higher, mainly because M7 was
isolated from saline-alkali soils containing
higher-NaCl.
Many studies show that dioxygenase plays an
important role in PAEs degradation. Dioxygenase is
an NADH-dependent enzyme composed of
phthalate dioxygenase reductase (PDR) and
terminal phthalate dioxygenase oxygenase (PDO)
[26-27]. It has been established that the enzyme
active site of PDO only has Fe2+, which participates
in the binding and hydroxylation of the substrate
[28-29]. Thus, Fe2+ level is able to influence the
enzyme activity and PAEs biodegradation. In
Figure 2 (D), though the concentrations of Fe2+ and
salinity at the maximum degradation rates are
different, they were of similar effect on DMP
degradation by M7. The degradation rate k (0.7454)
was maximized at 40 mg/L Fe2+, equal to v of
2.2404 mg/(L· h).

Effects of pH and temperature on DMP
biodegradation. The effects of pH, temperature,
Na+ level and Fe2+ level on DMP biodegradation by
B. sp. M7 are shown in Figure 2 (A-D). The
first-order kinetic model was used to express the
DMP biodegradation at varying pH, temperature,
Na+ level and Fe2+ level. Both pH and temperature
greatly influence DMP degradation as pH and
temperature could limit esterase activities and
bacterial growth, and degradation of DMP is
particularly sensitive to high or low pH and
temperature [11, 13]. The DMP degradation rate
increases rapidly with the increase of the initial pH
of MSM from 5.0 to 9.0. A high degradation rate
was achieved by B. sp. M7 at pH 9.0, with k of
0.7097, equal to 2.1331 mg/(L· h) of the decrease
rate of DMP concentration (v). Then the
degradation rate decreases notably at pH>9.0.
The effect of temperature on DMP degradation
is similar to that of pH. The degradation rate of

1399

E\363 

9ROXPH²1RSDJHV 



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

FIGURE 2
Effects of pH (A), temperature (B), Na + level (C) and Fe2+ level (D) on DMP biodegradation.

degradation are pH, temperature, Na+ level and Fe2+
level.
The experimental design and observations of k
are presented in Table 3. The second-order
polynomial model for response is shown in
equation 5 (in coded value):

RSM for the optimization. RSM was used
in evaluation of optimization of DMP degradation
rate by B. sp. M7. This method is based on analysis
of response as affected by variables and its
objective is to determine the optimum conditions of
the response [18]. The variables that affect DMP

Y=íX1í0.04X2í0.013X3í0.014X4í0.011X1X2+0.054X1X3í0.49 X1X4 í0.124 X2X3+0.05 X2X4í0.062
X3X4í0.075X21 í0.089X22 í0.056X23 í0.025X24

[Equation 5]
and the adjusted R2 of 0.9812 were also consistent.
This confirmed that the model is significant. A
higher reliability of the experiment is usually
indicated by a lower value of the coefficient of
variation (CV) [17]. In this study, the CV of the
model was 3.19%, reflecting the high precision and
reliability of the experiments. All the statistical
results of the models show high accuracy and
general applicability of the second-order
polynomial equations, and they are adequate to
describe the responses observed in the experiments.
7KHYDOXHVRIµ3URE!F¶DUHHPSOR\HGWRFKHFN
WKHVLJQL¿FDQFHRIHDFKPRGHOWHUPZKLFKLQWXUQ
are of vital importance for understanding the
pattern of mutual interactions between the

where Y is the predicted degradation rate
constant k, and X1, X2, X3 and X4 are coded values
for pH, temperature, Na+ level and Fe2+ level,
respectively.
The adequacy of the model was checked using
ANOVA and tested using F-test. The results are
shown in Table 4. The Model p-value of 109.2894
implies that the model is significant and the Lack of
Fit (LOF) p-value is 1.0755 which indicates the
LOF is not significant. A coefficient of
determination (R2 value) closer to 1 indicates that
there is a better correlation between observed and
predicted values [30]. In this study, R2 was 0.9903,
indicating suitable agreement between experimental
and predicted values. The predicted R2 of 0.9574
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the interaction between X1 and X2, X1 and X4 also
had significant effects. Notably, X1, X2, X12, X22, X32
and X42 (P<0.0001) were higher than other effects,
which demonstrated that these are the most
significant variables influencing DMP degradation.

experiment variables. The probability of p-value for
models of less than 0.0001 indicated highly
significant model. Table 4 shows that the linear
terms of the independent variables including every
variable exert a significant effect on the response
(k). The quadratic terms of the four variables and

TABLE 3
Experimental design and result of CCD of response surface methodology.
Independent variables
Degradation rate constant
X1
X2
X3
X4
Observed
Predicted
í1
í1
í1
í1
0.5785
0.5736
1
í1
í1
í1
0.5318
0.5368
í1
1
í1
í1
0.5202
0.5162
1
1
í1
í1
0.4416
0.4337
í1
í1
1
í1
0.5564
0.5493
1
í1
1
í1
0.5153
0.5168
í1
1
1
í1
0.5016
0.4892
1
1
1
í1
0.4056
0.4110
í1
í1
í1
1
0.5784
0.5657
1
í1
í1
1
0.4925
0.4895
í1
1
í1
1
0.5292
0.5124
1
1
í1
1
0.3907
0.3905
í1
í1
1
1
0.5438
0.5363
1
í1
1
1
0.4679
0.4645
í1
1
1
1
0.4927
0.4803
1
1
1
1
0.3732
0.3627
í2
0
0
0
0.4853
0.5128
2
0
0
0
0.3633
0.3585
0
í2
0
0
0.4523
0.4570
0
2
0
0
0.2798
0.2978
0
0
í2
0
0.5256
0.5365
0
0
2
0
0.4726
0.4844
0
0
0
í2
0.6608
0.6617
0
0
0
2
0.5837
0.6055
0
0
0
0
0.7224
0.7353
0
0
0
0
0.7366
0.7353
0
0
0
0
0.7348
0.7353
0
0
0
0
0.7579
0.7353
0
0
0
0
0.7118
0.7353
0
0
0
0
0.7483
0.7353
a
: X1, pH; X2, temperature; X3, Na+ level; X4, Fe2+ level

Run order
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

According to the response curves in Figure 3 (A)
and Figure 3 (C), the most significant interaction
between pH and temperature and pH and Fe2+ level
could be explained reasonably by the elliptical

The contour plots graphs (Figure 3 (A-F))
depicted the changes in the parameter modeled as
the two variables move along those levels, while
the other factors held constant at the central point.
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shapes of the contour plots, with p-valve (0.0001).
DMP degradation rate constant k was increased
with increasing pH and temperature in the range of
8.5 to 8.88 and 35 to 38.97°C, respectively.
However, the k was reduced with a further increase
in pH and temperature. Similarly, the maximum
degradation rate constant k was not achieved at 9.0
of pH and 40 mg/L of Fe2+ because of the
interaction effects of pH and Fe2+ level on DMP
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degradation. It was achieved at 8.88 of pH and
37.72 mg/L of Fe2+, while temperature and Na+
level were held at 40°C and 6 g/L, respectively.
According to Eq. (5), it was predicted that a
maximum k of 0.7462 was achieved at 8.89 of pH,
38.96°C of temperature, 5.77 g/L of Na +, and 37.66
mg/L of Fe2+. The coded values of X1, X2, X3 and X4
ZHUHííííUHVSHFWLYHO\

TABLE 4
Analysis of variance (ANOVA) for response surface quadratic model.
Source
Model
X1
X2
X3
X4
X 1X 2
X 1X 4
X21
X22
X23
X24
Residual
Lack of Fit

Sum of Squares
DF
Mean Square
F Value
0.450
14
0.032
109.29
0.036
1
0.036
121.51
0.038
1
0.038
129.13
0.004
1
0.004
13.82
0.005
1
0.005
16.07
0.002
1
0.002
7.12
0.002
1
0.002
5.26
0.154
1
0.154
523.24
0.220
1
0.220
746.44
0.087
1
0.087
294.61
0.018
1
0.018
60.26
0.004
15
< 0.001
í
0.003
10
< 0.001
1.08
R2= 0.9903; Adj R2= 0.9812; Pred R2=0.9574; CV= 3.19%

Model
validation
and
application.
Validation was carried out in shake flasks under
optimized conditions predicted by the model (pH,
8.89; temperature, 38.96 °C; Na+, 5.77 g/L; and
Fe2+, 37.66 mg/L). The experimental value
(k=0.7576) is very close to the predicted value
(k=0.7462), which validates the success of the
model.
The fitting curves of DMP degradation by B.
sp. M7 under optimized conditions and basic
conditions are shown in Figure 4. Clearly, the DMP
degradation rate under optimized conditions is
notably higher versus the basic conditions.
Compared with the DMP degradation rate
(k=0.5722, equal to v of 1.7198 mg/(L· h)) under
basic conditions, the degradation rate increases by
32.4% under optimized conditions (k=0.7576, equal
to v of 2.2771 mg/(L· h)).

Prob > F
< 0.0001
< 0.0001
< 0.0001
0.0021
0.0011
0.0176
0.0366
< 0.0001
< 0.0001
< 0.0001
< 0.0001
í
0.4989

CONCLUSIONS
This is the first report on the DMP
biodegradation under saline-alkaline conditions and
optimization of degradation rate using RSM. A
bacterium B. sp. M7 which is capable of utilizing
DMP as its sole carbon and energy source was
successfully isolated from saline-alkali soil. The
degradation rate of DMP was lower compared to
some previous reports, and the degradation rate was
reduced with the increase of DMP concentrations.
Further experiments reveal that pH, temperature,
salinity and ferrous iron could influence the DMP
degradation by B. sp. M7 notably. Then the four
environmental factors were investigated using RSM
to enhance the degradation rate of DMP. The results
demonstrate that the degradation rate of DMP
increases by 32.4% to 2.2771 mg/(L· h) under the
optimal conditions.
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FIGURE 3
Response surface curves for the DMP degradation rate constant k by Bacillus sp. M7 show the combined
effects of (A) temperature and pH, (B) Na + level and pH, (C) Fe2+ level and pH, (D) Na+ level and
temperature, (E) Fe2+ level and temperature, and (F) Fe2+ level and Na+ level.
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[8]
FIGURE 4
Degradation of DMP by Bacillus sp. M7 under
optimal condition and basic condition.
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LNG AS SHIP FUEL FOR SOX EMISSION REDUCTION
TARGET IN THE SEA OF MARMARA
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accordance with Regulations under MARPOL
Annex VI [2]. The Marmara Region is located on a
very strategic ship routes due to the Sea of Marmara
and Turkish Straits. Probably in near future, all
ships that will sail through Istanbul and Canakkale
Strait and the Sea of Marmara will have to use
alternative technologies or fuels for reducing SOx,
NOx and PM emissions.
In this study, scrubber and wind energy as
alternative technologies will be analysed, and also
MGO, biofuels and LNG as alternative fuels will be
examined as principle solutions for SOx emission
reduction. The study will also emphasize on LNG
as a ship fuel much more than other alternatives due
to its favourable effects on reducing ship emissions.
Therefore, not only SOx emission but also NOx, PM
and CO2 emissions will be estimated because of
LNG.
First of all, above mentioned emissions caused
by ships sailed at Istanbul and Canakkale Straits in
2013 will be estimated. Secondly, these results will
be used to calculate of external costs. Finally,
investment costs for the LNG solution by
retrofitting and alternatively by having new ship
will be estimated by using NPV and PP methods.

ABSTRACT
Maritime transport is the most environmentally
friendly type of transport mode. However, VKLSV¶
exhaust
emissions
affect
negatively
and
considerably air quality and human health. Since
ships release exhaust emissions to air on a large
scale, IMO has adopted the Annex VI µSUHYHQWLRQ
RIDLUSROOXWLRQIURPYHVVHOV¶ to the MARPOL73/78
Convention in 1997. This annex put limits on SOx
NOx and PM emissions in both worldwide and
Emission Control Areas (ECA) [1]. Turkey also
adopted MARPOL Annex VI, and expected that an
ECA will be announced in Turkish territorial waters
in near future. Additionally, regulations on ECAs
force ship owners or managers to use alternative
technologies or fuels in order to reduce ship
emissions. In this study, ship emission reduction
ways are analysed, especially low sulphur marine
gas oil (MGO) and LNG as ship fuels for SECA.
Environmentally, two subjects have been discussed
which are: total emissions from ships passing
through Turkish Straits, and how much emission
reduction can be obtained if these ships would use
LNG or MGO as fuel. Financially, external costs of
ship emissions onto
national economy and
investment costs for ship owners for new LNG
fuelled ships or retrofitting of existing ships have
been analysed by using Payback Period and Net
Present Value methods.

MATERIALS AND METHODS
Emissions from Ship Exhaust. Ship engine
combustion and bunker fuels cause air pollutions
related to exhaust emissions [3]. These emissions
that have been recognized as a growing problem for
environmental policy makers [4] affect directly
global warming, asid rain and air quality and also
directly and indirectly human health. They are
transported in the atmosphere over several hundreds
of kilometers, thus, they contribute to air quality
problems on land even if they are emitted at sea [5].
Ship emissions are categorized into two types;
air pollutants and greenhouse gases. Air pollutans
include Sulphur Dioxide (SO2), Nitrogen Oxides
(NOx), Volatile Organic Compounds (VOCs),
Particulate Matter (PM), and Carbon Monoxide
(CO), and also Greenhouse gases include Carbon
Dioxide (CO2), Methane (CH4), Nitrous Oxide

KEYWORDS:
LNG, SOx emission, ECA, Turkish Straits, MARPOL
Annex VI

INTRODUCTION
MARPOL Annex VI entered into force on 19
May 2005, and it was revised with narrowed
emissions limits in 2008, and new limits entered
into force in 2010 [1].
Turkey has ratified MARPOL Annex VI by a
law numbered 6438 on 26th February of 2013.
Turkish Maritime Authority is planning to establish
an ECA in the Marmara Region of Turkey in
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the Figure 1.
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FIGURE 1
Emission from ships [6].
x

Amounts of ship emissions depend on
different factors and conditions. For instance;
x SOx and PM emissions depend on fuel type
and fuel consumption,
emissions
depend
on
fuel
x CO2
consumption,
x CO emissions depend on engine power,

NOx emissions depend on engine and
engine power [7].

SOx Emission Limit. Annex VI to the Marpol
73/78 Convention Put limit on SOx and NOx
emissions from ship depending on area [6].
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TABLE 1
SOx limits as per MARPOL Annex VI Regulation 14 [6].
Date

Worldwide

Date

From 1 January 2012

%3.50 m/m S or 14 g SOx/kWh

From 1 July 2010

From 1 January 2020

%0.50 m/m S or 2 g SOx/kWh

From 1 January 2015

Baltic Sea (SOx) and North Sea (SOx) are
defined as SECA, North America (SOx, NOx and
PM) and United States Caribbean Sea (SOx, NOx
and PM) are defined as ECA [8].
In Turkey, Maritime Authority can establish
ECA in the near future within the Turkish territorial
seas. Limits in Table 1 will also be applied at the
Sea of Marmara and Turkish Straits.

ECA
%1.00 m/m S or 4 g
SOx/kWh
%0.10 m/m S or 0.4 g
SOx/kWh

nowadays, so it does not need any investment cost
for these ships. Main disadvantage is its high unit
Price. It is assumed that this price will increase and
limited MGO sources may not meet this increasing
demand in the near future [15]. Therefore, shipowners or ship managers should select alternative
technology or fuel for their ship instead of MGO.
Scrubber technology enables separation of SOx
from other exhaust gases by washing processes
[16]. This technology reduces emissions of SOx,
PM and NOx in the rate of 80,5%-90%, 65%-95%,
0%-25% respectively depending on fresh water or
sea water. On the other hand, it increases CO2
emissions [17]. Although it has emission reduction
advantage, it requires a considerable budget for
investment and extra new equipments, and that
makes it an expensive solution [18]. Howewer, it
has a lower operation cost due to no fuel type
replacement. Hence, ships can continue to use HFO
in their exist engines.
On the other hand, as an alternative solution
LNG has been used as ship fuel nowadays by reason
of the fact that it has significant advantages in
comparison to other solutions by lower price and
less emissions [19]. To use LNG also decreases
NOx emission as well as SOx emission in
compliance with Annex VI limits. Despite the fact
that, it is required considerably inital investment
cost for existing or new ship and also bunkering
terminal investment cost.
Figure 2 summaries MGO, scrubber and LNG
options with their negative and positive aspects.
According to this figure, MGO and LNG have more
postitive aspects in this criterias than scrubber so
these alternatives will
be dicussed in this study.

SOx Emission Reduction Solutions. To be
able to bring down SOx emission level in ships,
there are some available solutions such as; to
consume MGO or LNG or biofuels, or to use
scrubber, or to benefit from wind energy, etc.
According to literature reviews, these solutions can
be defined briefly as follows:
Wind energy is the kinetic energy associated
with the movement of atmosphere [9]. Wind energy
onboard ships has considerably advantages that one
of them this technology does not pollute the air and
other it has lower operation cost. On the other hand
wind energy needs higher investment cost than
fossil fuels [10].
Biofuel is a renewable fuel made from animal
or vegetable fats and its advantage is lower exhaust
emissions except for NOx than fossil fuels [11]. Bioethanol and biodiesel types of biofuel are very
similar to other ship fuels [12]. However, their
operational costs are high and in most cases their
unit price more expensive than fossil based fuels,
because production costs of biofules are very high,
so they have lower economies of scale [13].
µ/RZVXOSKXU¶ in MGO refers to MGO with a
sulphur content limited to 0.10% m/m maximum
[14]. To consume MGO can be thought as an
alternative solution for vessels sailing at SECA.
Besides that it does not meet the Tier III NOx limit
for ECA. Many ships currently use MGO as fuel
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FIGURE 2
Aspects of MGO, Scrubber and LNG [20].

LNG as Ship Fuel. The usage of LNG as ship
fuel is not a new idea. It has been used for many
years on gas carriers with boilers, boil-off gas from
the LNG tanks [19]. It has been also used to fuel
diesel propulsion systems of LNG vessels since
delivery of the Provalys in 2006 [15]. Today 48
LNG fuelled ships are in operation, and 53 building
contracts are confirmed for LNG fuelled ships. It is
expected that the number of LNG fuelled ships will
increase over 1000 up to 2020 [21].

x
x

Advantages of LNG:
x

x

Unit price: LNG is cheaper than gas oil now
and it is expected to be cheaper than fuel oil in
the future because of huge world reserves of
natural gas [19].
Fewer exhaust gas emissions: When LNG is
compared with HFO, it is obvious that LNG
cuts down emissions up to a hundred percent.

x
1409

For example; amount of SOx emission is
lowered at the rate of about 100%, and NOx,
PM, CO2 are reduced 80%, 72%, 29%
respectively so it is the fact that LNG allows
ships to meet MARPOL Annex VI
requirements for both worldwide trades and
operation in ECAs [8, 22].
Maintenance cost: LNG has a lower
maintenance cost, and it does not take into
consider in this study.
Environmental cost: Ships emissions cause to
climate change and reduce ecosystem TXDOÕW\
This environmental deterioration requires
external costs for the effected countries. Thus,
some countries have levied emission tax from
the ships. If LNG is prefered instead of current
fuels, this environmental cost will be reduced
dramatically.
Public incentives [20].
Disadvantages of LNG:

E\363
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Cost: The investment cost differs for retrofit
and neZ VKLS DOVR HQJLQH¶V VL]H 7KH 7able 2
summarizes investment cost.
Infrastructure: The investment of new LNG
bunkering terminals should be taken into
consideration as an important barrier to use
LNG fuel. Howewer, with small scale
infrastructures established in the countries in
ECA, this barrier can be removed by suitable
bunkering methods. Currently three ways of
bunkering methods are available in the market.
Which are:
a) Ship-to-ship bunkering (STS),
b) Tank truck-to-ship bunkering (TTS),
c) LNG intermediary terminal-to-ship via
pipeline (TPS) [24].
Capacity: LNG occupies a place around 1.6
times higher volume while comparing with oil
fuels, so to keep LNG in ships, larger bunker
tanks are needed. It means cargo space is
proportionally decreased in ships [25].
Methane slip: Methane slip has to be avoided
during the bunkering and combustion
processes of new and existing engines since

x
x

x

x
x
x
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this is damaging in the contex of greenhouse
gases [26].
Safety risk: LNG is a new type fuel for ship
and port crew. LNG has completely different
properties compared to oil based fuels [23].
LNG hazards: The most important hazards of
LNG is flammability. Other hazard is a rapid
phase transition (RPT), if a large spill of LNG
contacts with water or different liquid. RPT
can bring about strong pressure waves. On the
other hand, if LNG touchs the human skin it
can result to frost burns [27].
Training and certification: Port and ship crew,
especially engine officers should have training
DQGFHUWLILFDWLRQSURJUDPDERXWWKLVQHZIXHO¶V
features and bunkering operation to avoid and
minimize the risk of accidents [23].
Distribution network.
Bunkering facilities.
Public perception [20].

TABLE 2
Investment Cost for LNG [23,24].
Type

Retrofit
(Euro/kW)
593
570

New Builds
(Euro/kW)
1185
1095

LNG four stroke
dual fuel ± LNG
tanks etc
LNG two stroke
440
1111
high pressure
dual fuel ± tanks
etc.
LNG four stroke
593
1185
spark ignition ±
570
1095
LNG tanks etc.
includes main engine and auxiliary engine

high vessel traffic significantly increases air
emissions, and these emissions affect air quality,
climate change and human health in Marmara,
Turkey and additionally cause external cost for
Turkey. For this reason, Turkish Straits have been
chosen as study area which is affected around
YHVVHOV¶H[KDXVWemissions in every year.

Study Area and Ship Data. The Sea of
Marmara is located between the Mediterranean Sea
and the Black Sea and connected with the Istanbul
and Canakkale Straits. Because of that, the vessels
that sail from the Mediterranean Sea to the Black
Sea or vice versa, pass through Istanbul and
Canakkale Straits [28]. Specific positions of
Turkish straits cause high vessel traffic and also this
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FIGURE 3
Maps of Turkish Straits [29].

matter, small shipV¶ domestic traffic composed by
ferries, fishing boats, recreational crafts and etc.
sailing in the study area are excepted due to the
focusing of only international merchant ships. Table
3 shows that general cargo ships, tanker, bulk
carrier and container generate respectively 48%,
19%, 15%, 9% of all ships.

As shown in the Figure 3; the length of
Canakkale Strait, Istanbul Strait and the Sea of
Marmara is 37 mil (68 km), 17 mil (32 km) and 110
mil (204 km) respectively. Information about
vessels which are categorized by type and GT as
shown in the Table 3 were received from Ministry
of
Transport,
Maritime
Affairs
and
Communications (MTMAC). Here, as an important

TABLE 3
Ship numbers sailing through Turkish Straits.
Ship Type
Bulk Carrier

Istanbul Canakkale Transit
Strait
Strait
Passages
(2013)
(2013)
(2013)
6.896
7.048
2.553

General Cargo

25.519

17.993

8.066

Tanker ( Lpg)

1.760

1.380

322

Passenger

474

2.097

85

Tanker Chemical

1.561

5.822

638

Tanker (Crude/Product)

5.685

770

2.871

Container Ship

2.868

4.653

855

Other Type Ship

1.769

4.126

817

Total Ship Numbers

46.532

43.889

16.207

the exhaust emissions caused by ships in the study
area in 2013 [30].

Calculation of Ship Emissions by Ship Type
Emission can be estimated easily if these data
are known: the installed main and auxiliary engine
power, load factor and time as in the following the
Equation 1. This equation will be used to estimate

Etrip i,p,s =pD/V[MExLFME,pxEFi,s,p+AExLFAE,PxEFi,s,p] (1)

Etrip: Emission over a complete trip (gram),
1411
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V: According to 'Turkish Straits Maritime
Traffic Regulations', vessels are allowed to sail with
maximum 10 knots (18 km/h) through Istanbul and
Canakkale Straits [32]. Thus, velocity is taken 10
knots in the equation while the vessel sails there. In
addition, in the Sea of Marmara, average velocity
values for each ship type can be calculated similarly
as Entec study which is shown in Table 4.

Assumptions for the equation:
D: If a ship passes only through the Canakkale
Strait, distance will be accepted as 200 km in total,
but if this passage is only from the Istanbul Strait,
total distance will be accepted as 104 km [31].

TABLE 4
Assumption about average velocity (km/h) [34].
Ship Type

Average velocity

Bulk Carrier

26

Container Ship

36

General Cargo Ship

23

Ro-ro Ship

27

Passenger Ship

39

Other type

20

LF: Engine load factor (%),
i: Pollutant (NOx, SOx, CO2, PM),
p: Phase of trip (cruise),
s: Ship type.

ME: Ship statistics regarding their type and
GT were received from MTMAC but it does not
enough to calculate amount of ship emissions
without main engine power. Hence, the
assumption of Trozzi (2010) will be used in the
study regarding to ME. The assumption Equation
2 and Table 5 are the following:
V: Velocity (km/h),
ME: Main engine (kw),
AE: Auxilary engine (kw),
EF: Emission factor (kg/kW),

PME= xs . GTys

(2)

PME: Main engine power (kW),
xs: Value according to ship type,
ys: Exponent value of GT according to ship type,
GT: Gross ton.

TABLE 5
Installed main engine power as a function of gross tonnage (GT) [30].
Ship Type

2010 world fleet

Liquid bulk carrier
Dry bulk carrier
Container
General cargo
Ro-ro
Passanger

14,755xGT0,6082
35,912xGT0,5276
2,9135xGT0,8719
5,56482xGT0,7425
164,578xGT0,4350
9,55078xGT0,7570

Other type

59,049xGT0,5485

AE: Auxilary engine power is calculated
with equations below depends on main engine
power [6];

PME = 0,75 MCRME
1412
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LF: Load factor for the main and auxilary
engine depends on cruising, manoeuvring and
hotelling phases of ships. At cruising phase, load
factor is accepted 80% for main engine and 30%
for auxiliary engine [34].

(4)

MCRME < 10000 Kw
PAE = 0,05 x MCRME

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

(5)

EFi,s,p: Emission factor is different for each
ship type, and its amount depends on phase of
cruising, manoeuvring and hotelling. Emission
factors regarding the types of ships are summarized
in the Table 6.

PAE: Auxiliary engine power (kW)

TABLE 6
Emission factor according to ship type for cruising mode (g/kWh) [33].
Ship Type

NOx

SO2

CO2

PM

Bulk Carrier

16,8

10,3

643

1,61

General Cargo

16,3

10,9

644

1,15

Passanger

13,2

11,7

696

1,15

Conainer

17,5

10,7

631

0,75

Tanker

14

11,5

699

1,27

Other type

12,5

10,7

705

0,75

p: Phase of trip (cruise),
f: Fuel type (MGO, HFO)
e: Engine type (SSD, MSD, ST).

Calculation of Ship Emissions by Fuel and
Engine Type. If the fuel and engine type is knwon,
amount of ship emissions can be estimated with
another method by using the Equation 6 which
includes annual main and auxilary engine power,
load factor and emission factors in accordance with
the type of fuel and engine at sea.. It is assumed that
all ships in the study area use only MGO or HFO.
This equation will be used to estimate amount of
emissions caused by these ships.

EFf,e,i,p: The emission factor is different for
each fuel and engine type, and phase of cruising,
manoeuvring and hotelling [35]. On the other hand,
the total commercial fleet include approximately
66% slow-speed diesel, 32% medium-speed diesel,
and 2% other engine types [36]. Averages of these
values are shown in the Table 7.

Etrip f,e,i,p=pD/V[MExLFME,pxEFf,e,i,p+AExLFAE,PxEFf,e,i,p](6)

Etrip: Emission over a complete trip (gram),

TABLE 7
Emission factor according to fuel and engine type at sea (g/kWh).
Emission
Factor

MGO
(SSD,

HFO
(SSD,

NOx

14,6

15,5

SO2
PM10
CO2

0,7
0,3
612,9

10,9
1,4
645,2
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This project aims to define theoretical-mathematical
concepts of linking environmental extensions (EE)
to the framework of Supply-and Use-Tables (SUT)
for 43 countries (including Turkey). EXIOPOL also
use emission data of each state [37].
In this step, calculation results obtained from
previous titles will be used to estimate external cost
for Turkey by the help of data of EXIOPOL project
as shown in the Table 8.

In addition, emissions about LNG fuelled
ships will be estimated by using LNG emission
reduction percentage by comparing HFO.
External Costs of Ship Emissions. ³$ 1HZ
Environmental Accounting Framework Using
Externality Data and Input-Output Tools for Policy
$QDO\VLV´ (;,232/ was built up by European
Union (EU) under the 6th framework programme.

TABLE 8
External cost factor per ton for transport (Euro2013/ton).
Impact
Pollutant

Human
Health

Ecosystem
4XDOÕW\

Total

8.001
254
8.255
SO2
Note: Euro2000 Euro2013 inflation rate %.27 [38]

l: Engine load (%),
Pioperation: Operational unit price (Euro/kWh).

Net Present Value Method. Net present value
is determined by Noreen and Garrison [39] as
follow ³8QGHU WKH QHW SUHVHQW YDOXH PHWKRG WKH
SUHVHQW YDOXH RI D SURMHFW¶s cash inflows is
FRPSDUHGWRWKHSUHVHQWYDOXHRIWKHSURMHFW¶VFDVK
outflows. The difference between the present values
of these cash flows, called the net present value,
determines whether or not the project is an
acceptable investment.´ [39]. Equation is;
NPV Ca investment ti=0 Ccash flow
(1+r)t
NPV >0 Project is accepted,
NPV <0 Project is rejected,
NPV =0 Decision depends on investor.
Cinvestment: Initial investment cost,
Ccash flow: Cash flow during the period,
r = Discount rate,
t = Expected life time of project.

(7)

C investment = Pc . P
Pc: Investment cost (Euro/kW).
P: Engine power (kW).

(8)

Ccash flow= Coperation + Cfuel
Coperation: Operational cost (Euro/year),
Cfuel: Fuel cost (Euro/year).

(9)

Operational cost is very low for LNG;
therefore, it will not take into account here.
Cfuel=P.h.l.Fa.Pifuel
(11)
F : Fuel consumption per output (ton/kWh).
Pifuel: Fuel price (Euro/ton) [41].
Costs to use LNG or MGO in new or existing
ships are calculated by NPV method. Here, two
ships are taken as sample. One of these ships has
4.000 kW main engine power, and other one has
10.000 kW. TabOHVKRZVWKHVHVDPSOHVKLSV¶IXHO
consumption values under different fuel types.
a

TABLE 9
Consumption of fuel type (g/kWh) [35,41].

Fuel consumption (g/kWh)
Sulphur (%)

LNG
183
0

Calculations will be analyzed for four different
scenarios according to fuel price as shown in the
Table 10. P.h.l (1 main and 1 auxiliary engine)
value that mentioned above equation is estimated
14.725.600 kWh/year for 4.000 kW and 48.883.300
kWh/year for 10.000 kW [34]. Values for NPV and
PP calculation are summarized in the Table 11.

Some European countries, particularly
Norway, take the emission tax from ships. In
calculations, emission tax will be ignored.
Coperation=P.h.l.Pioperation
h: Running hours per year (hours)

MGO
210
0,1

(10)
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TABLE 10
LNG ve MGO Price Scenarios [42].
Fuel type
Scenarios
1. Low LNG, High MGO
2. Low LNG, Low MGO
3. High LNG, High MGO
4. High LNG, Low MGO

LNG

MGO

477
477
510
510

1111
610
1111
610

TABLE 11
Values regarding NPV equation.

New ship

4000 kW
Existing ship

New ship

Pc
r
t
Ccash flow

1.140 Euro1
0,08
20
CLNG ± CMGO

584 Euro1
0,08
10
CLNG ± CMGO

1.140 Euro
0,08
20
CLNG ± CMGO

584 Euro
0,08
10
CLNG ± CMGO

P*h*l

14.725.600 kWh/year

14.725.600 kWh/year

48.883.300 kWh/ year

48.883.300 kWh/ year

Fa

MGO 210 g/kWh
LNG 183 g/kWh
MGO 477-510 Euro/ton
LNG 610-1111 Euro/ton

MGO 210 g/kWh
LNG 183 g/kWh
MGO 477-510 Euro/ton
LNG 610-1111 Euro/ton

MGO 210 g/kWh
LNG 183 g/kWh
MGO 477-510 Euro/ton
LNG 610-1111 Euro/ton

MGO 210 g/kWh
LNG 183 g/kWh
MGO 477-510 Euro/ton
LNG 610-1111 Euro/ton

rMGO

2,92

2,9

2,9

2,9

rLNG

2,72

2,7

2,7

2,7

Pifuel

Piop. cost 2SHUDWLQJFRVWVIRU/1*KDVQ¶WEHHQWDNHQLQWRDFFRXQWEHFDuse
123,24
2

10000 kW
Existing ship

it is less

43

RESULTS

Payback Method. Noreen and Garrison [39]
define payback method as follow µ7KH payback
period is the length of time that it takes for a project
WR UHFRYHU LWV LQLWLDO FRVW IURP WKH QHW FDVK¶
Equation is as follows
Payback period: Investment required
Annual net cash flow

All assumptions and equations have been used
respectively during the study. Total amount of SOx,
NOx, PM and CO2 emissions caused by ships sailed
at Istanbul, Canakkale Straits and the Sea of
Marmara during year 2013 have been estimated for
further analysis. Table 12 summarizes amount of
these emissions.
If MGO or LNG is preferred instead of HFO
or other oils with high sulphur content while ships
are passing through Turkish Straits, figures in the
Table 12 would significantly decreased as shown in
the Table 13 and Table 14.

(12)
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TABLE 12
Estimated emissions caused by ships in Turkish Straits for 2013 (ton/year).
ISTANBUL STRAIT

Bulk Carrier
General
Cargo
Tanker

CANAKKALE STRAIT

THE SEA OF MARMARA

SOx
(ton)
715

NOx
(ton)
1111

PM
(ton)
105

CO2
(ton)
42.503

SOx
(ton)
1.596

NOx
(ton)
2.603

PM
(ton)
249

CO2
(ton)
99.635

SOx
(ton)
3.052

NOx
(ton)
5.313

PM
(ton)
509

CO2
(ton)
203.337

975

1458

103

57.613

1.603

2.398

169

94.731

4.152

6.209

438

245.328

1900

2313

210

115.506 4401

5.358

486

267.497 11.529

14.036

1.273 700.789

Passenger

158

179

16

9.413

881

994

87

52.433

1.083

94

57.086

Container

770

1273

55

45.917

3.138

5.132

220

185.053 3.915

6.402

274

230.852

Other type

201

235

14

13.247

1.747

2.041

122

115.100 3.450

4.030

242

227.306

Total

4.721

6.569

503

284.208 13.367

18.526

1.334

814.449 27.058

37.073

2.831 1.664.699

960

TABLE 13
Amount of ships emissions in case of preferring MGO at Turkish Straits (ton/2013).
Region

ISTANBUL STRAIT

CANAKKALE STRAIT

THE SEA OF MARMARA

Ship Type

SOx

NOx

PM

CO2

SOx

NOx

PM

CO2

SOx

NOx

PM

CO2

Bulk Carrier
General
Cargo

52

1.012

21

42.575

115

2.257

46

94.974

235

4.606

95

193.825

66

1.303

27

54.831

109

2.143

44

90.160

283

5.549

114

233.488

Tanker

123

2.407

50

101.282

284

5.574

115

234.556

744

14.603

301

614.489

Passenger

10

197

4

8.290

56

1.097

23

46.174

61

1.195

25

50.272

Container

54

1.060

22

44.602

218

4.272

88

179.750

271

5.329

110

224.237

Other type

14

274

6

11.523

121

2.378

49

100.067

239

4.696

97

197.618

Total

319

6.253

129

263.102

903

17.721

365

745.680

1.833

35.978

741

1.513.929

TABLE 14
Amount of ships emissions in case of preferring LNG at Turkish Straits (ton/2013).
Region
Ship Type

ISTANBUL STRAIT
SOX

NOx

PM

CANAKKALE STRAIT
CO2

SOX

NOx

PM

THE SEA OF MARMARA
CO2

SOX

NOx

PM

CO2

Bulk Carrier
General
Cargo

0

215

27

31822

0

479

60

70987

0

977

123

144872

0

276

35

40983

0

455

57

67389

0

1177

149

174518

Tanker

0

511

64

75702

0

1183

149

175316

0

3098

391

459293

Passenger

0

42

5,3

6196

0

233

29

34512

0

253

32

37575

Container

0

225

28

33337

0

906

114

134352

0

1131

143

167604

Other type

0

58

7,3

8613

0

505

64

74794

0

996

126

147707

Total

0

1327

168

196653

0

3760

475

557351

0

7633

964

1131570

caused external cost for Turkey in 2013. This cost
has been divided into three scenarios which are:
1) Current status: In this case, if the Sea of
Marmara will not be as ECA as shown in the
Table 12.
2) MGO: In this case, it is assumed that all of
ships prefer to consume MGO as fuel as
shown in the Table 13 because of ECA limits.

These emissions cause both global and
regional air pollution via air movement and wind
effects. These adverse effects bring to health and
environmental problem in the effected country. To
solve these problems requires cost, and this cost is
called external costs. External cost can be
calculated with values obtained from EXIOPOL
Project. Table 15 shows how SOx emissions have
1416
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3)

LNG: In this case, it is assumed that all of
ships are upgraded to consume LNG as fuel as
shown in the Table 14 because of ECA limits.
Figure 4 and 5 shows that cash flow between LNG
and MGO costs 10 years for existing ship and 20
years for new ships results of 4 scenarios according
to the Table 10 and values in the Table 11.
TABLE 15
External cost in different scenarios for Turkish
Straits.
Type
Current
status
MGO
LNG

Human
Health

Ecosystem
Quality

Total

361.214.869
24.434.979
-

11.467.139
775.714
-

372.682.008
25.210.693
-

FIGURE 6
NPV for 4.000 kW for LNG.

Figure 6 and 7 show that NPV results for
existing ship and new ships of 4 scenarios according
to the Table 10 and values in the Table 11. Even
though LNG has higher investment cost rather than
others, it presents the more profitable solution for
all scenarios because of lower unit price than MGO.

FIGURE 7
NPV for 10.000 kW for LNG.

DISCUSSION AND CONCLUSIONS
FIGURE 4
Cash flow for 4.000 kW.

According to results of this study, Turkey will
have environmental and economical benefits if the
Marmara Region is declared as ECA and ships are
used alternative fuels. 46.532 ships passed through
the Istanbul Strait and 43.889 ships passed through
the Canakkale Strait in 2013. If the ship emissions
limits are applied for these high number ships, it is
clear that the direct and indirect impact of
environmental pollution on our country will reduce
considerably.
The study results are evaluated in terms of the
environment; the SOx emissions amount were
caused by ships passing through Turkish Straits and
the Marmara Sea have been estimated 45.222 tons.
Considering ship types that cause these SOx
emissions amount; tanker have occured in 40% of
the total amount and container ships have occured
in 17 % of the total amount. In spite of tanker and

FIGURE 5
Cash flow for 10.000 kW.

1417

E\363

9ROXPH²1RSDJHV 

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



Emissions Study, P. 5, Hellenic Chamber of
Shipping,.
[8] Tri zen , 2013, LNG Bunkers -Coming Out of
the Cold, LNG Markets Perspective.
[9] Shukla, P. C. and Ghosh, K., 2009, Revival of
the Modern Wing Sails for the Propulsion of
Commmercial Ships, International Journal of
Mathematical, Computational, Physical and
Quantum Engineering Vol:3 No:3, 2009.
[10] http://www1.eere.energy.gov/wind/wind_ad.
html
[11] Demirbas, A., 2009, Progress and Recent
Trends in Biodiesel Fuels, Energy Conversion
and Management 50 (2009) 14±34.
[12] Opdal, O. A., Hojem, F. H., 2007, Biofuels In
Ship: A Project Report And Feasibility Study
Into The Use Of Biofuels In The Norwegian
'RPHVWLF ÀHHW ZERO- Report, P. 34,
December 2007.
[13] Florentinus, A., Hamelinck, C., Bos, A.,
Winkel, R., Cuijpers, M., 2012, Potential of
Biofuels for Shipping, P. 71, ECOFYS,
Netherlands.
[14] FOBAS BulOHWLQ  /OR\G¶V 5HJLVWHU 
November 2009, No. 05/2009. Online:
http://ancomaritime.com/page5/page6/files/LR
.pdf
[15] Adamchak, F. and Adede A., 2013, LNG as
Marine Fuel, 17th International Conference &
Exhibition On Liquefied Natural Gas (LNG
17), Houston.
[16] Jørgensen, J.J., 2012, Reducing Air Pollution
from Ships, Danish Ministry of the
Environment, Miljøstyrelsen, ISBN 978-8792903-11-2
[17] Kjølholt, J., Aakre, S., Jürgensen, C.,
Lauridsen, J., Assessment of Possible Impacts
of Scrubber Water Discharges on the Marine
Environment, Environmental Project No.
1431, Miljøstyrelsen, 2012, ISBN 978-8792903-30-3.
[18] DNV, 2013, SOx Reduction.
[19] DNV and MAN Diesel&Turbo, 2011,
Quantum 9000 Two Stroke LNG, P.5, online
http://www.mandieselturbo.com/files/news/file
sof16391/5510-0108-01ppr_low.pdf
[20] Wanga S. and Notteboomabs, T., 2014, The
Adoption of Liquefied Natural Gas as a Ship
Fuel: A Systematic Review of Perspectives
and Challenges, Transport Reviews:A
Transnational Transdisciplinary Journal, Vol.
34, No.6, 749-774.
[21] DNV.GL, LNG Energy of the Future,
http://blogs.dnv.com.
[22] CNSS, 2011, A Review of Present
Technological Solutions for Clean Shipping,
http://cnss.no/wp-

container generate respectively 19% and 9% of all
ships.
According to results, MGO fuel may reduce
approximately 93.2% of the amount of the current
situation. On the other hand, LNG may reduce
almost %100. It is clearly seen that LNG is the most
environmentally friendly ship fuel by comparing
results of total amount of exhaust emissions from an
environment perspective. Other methods are often
seen as just a simple solution to reduce only one
type ship emission, and they are not sufficient to
meet requirements of SECA and ECA by alone.
However, LNG meets NOx, SOx emissions limits
defined in MARPOL without needing for any extra
technology and also it reduces CO2 emissions too.
Therefore, it should be considered as the main fuel
for ships to meet MARPOL 73/78 Annex VI and
EU Directive (2005/33/EU).
In addition to above mentioned views, from an
economic perspective, to use LNG fuel in ships
procures the lowest cost related to externalities of
ship emissions in affected country.
Finally, for ship owners and/or managers,
initial investment cost to upgrade ships to use LNG
fuel can be high, but due to lower unit price LNG
brings lower operation cost. Therefore, this study
has found that LNG is the most economical
alternative fuel for ships to reduce undesired
exhaust emissions.
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THE EFFECTS OF LEAD-INDUCED TOXICITY ON
METABOLIC BIOMARKERS IN COMMON CARP
(CYPRINUS CARPIO L.)
Ekrem Mutlu
Kastamonu University, Faculty of Fisheries, Kastamonu, Turkey

ABSTRACT
There are many pollutants leading to heavy
metal pollution. Lead is one of these pollutants. The
HIIRUWV XVLQJ ³]HROLWH´ IRU VWUXJJOLQJ ZLWK KHDY\
metal contamination have shown significant
success. We utilized the biochemistry parameters of
carp fish (Cyprinus carpio) for revealing the effects
of zeolite on fish health and production. The study
was started on 09.15.2012 and planned for 3
different durations as 30, 60, and 90 days. The
subjects were grouped under 4 groups for each of
experiment durations. At the end of each of
experiment periods, the fish were weighed, and the
average growth rates of each of groups were
calculated. It is thought that the zeolite used in this
study leads to decrease in weight in long-term since
it absorbs the minerals in water, which are
necessary for development and growth of the fish.

FIGURE 1
Chemical formula of clinoptilolite.

Some of the usage areas of zeolites are
agriculture, metal industry, energy sector,
manufacturing industry, water treatment, animal
husbandry, struggling with environmental pollution,
and etc. The zeolites are also utilized in ammoniac
removal from the waste waters and animal manure,
the air filtration and deodoration, the soil
amelioration, and the fertilization [7]. The
researches on zeolite utilization in diets in animal
husbandry have shown that the zeolite addition
leads to increase in yield in fisheries, increase in
body weights of chickens, improvement in animal
product
quality,
reduction
in
bacterial
contamination etc. [7].
The low concentration of clinoptilolite
addition in diets has been shown to increase the
body weight of animals and to improve the general
health status [8]. Many of fish species are sensitive
to even small fluctuations in water, such as
temperature, pH, O2, H2S, and NH4+. In order to
prevent the negative effects on the aquaculture, it is
required to keep the parameters of production
medium within a certain range. In this study, we
utilized the biochemistry parameters of carp fish
(Cyprinus carpio) in order to reveal the effects of
zeolite on fish health and production.

KEYWORDS:
Carp fish, heavy metal contamination, fish biochemistry,
blood analysis

INTRODUCTION
One of the pollutants leading to heavy metal
pollution is the lead element. It has different effects
on different species [1]. The studies on exposure of
fish to lead have shown that this exposure leads to
negative effects on body weight [2, 3], and on
digestive enzymes and lipase [4]. It has been shown
that the symptoms of chronic lead toxicity were
renal malfunction, anemia, brain and liver damage,
cancer, hyperactivity, and general psychological
impairment [5]. The upper limit of the weekly lead
intake for a human having weight of 60 Kg. must
never exceed 300 μg [6].

MATERIALS AND METHOD
This study has been carried out in newly
established Toxicology Institute of Hafik
Vocational High School of Cumhuriyet University.
The experiments have been performed within 100 L
glass-aquariums (85x40x30 cm). 10 fish have been
placed in each of aquariums. Each of work has been
carried out with 4 repeats. Before starting the
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Duncan's test. The data obtained from blood
analyses were subjected to non-parametric analysis
of variance by using the SPSS package program. A
value of P<0.05 was considered significant.

experiment, the fish have been acclimatized to
laboratory conditions for 15 days. The study has
been started on 04.15.2012. It has been planned for
3 different durations as 30, 60, and 90 days. The
ILVKLQDTXDULXPVKDYHEHHQIHGZLWK³3ÕQDU´EUDQG
extruded carp pellets in mornings and evenings.
The maintenance of the aquariums has been carried
out on daily basis. The waters have been renewed
daily.
The mean temperature of the water during
experiment was 23 ± 1°C, while the pH value of the
water varied between 7.9 and 8.2 during the
experiment. The pH value has been measured to be
8.2 in last week of the experiment. The hardness
value of the water has varied between 239 and 245
mg/L CaCO3. While alkalinity of the water varied
between 242 and 250 mg/L CaCO3, the dissolved
oxygen amount in the water has varied between 6.2
mg/L and 6.5 mg/L. The amount of the dissolved
oxygen has shown decrease in last 15 days of the
experiment in proportion to first weeks.
The subjects have been grouped under 4
groups for each of experiment durations. The
groups were Pb(NO3)2 group (60 mg/L), Pb(NO3)2
(60 mg/L) + Zeolite (50 mg/L) group, Zeolite (50
mg/L) group, and control group. At the end of each
of experiment periods (at 30th, 60th, and 90th days)
the fish in groups were weighed, and the average
growth rates of each of groups were calculated. At
the end of each period, necropsy was implemented
on fish from each treatment, and gross clinical signs
were recorded.
After each 30, 60 and 90 days, blood analysis
was conducted on 30 fish in each group. The
objective of this operation was to determine the
changes in characteristics of blood parameters in
presence of lead nitrate. Approximately 2 mL blood
sample was drawn from the caudal vein by puncture
and each sample was immediately transferred into
individual silicone coated Vacutainer Tubes
(Becton Dickinson and Company, Belgium; not
containing EDTA). Blood samples were centrifuged
promptly at 3,100g for 10 min, and the serum was
removed with a disposable transfer pipette.
The parameters used in blood analyses are
cholesterol (CLO), triglyceride (TG), low density
lipoprotein (LDL), alanine aminotransferase
(ALT=GPT),
aspartate
aminotransferase
(AST=GOT), alkaline phosphatase (ALP), calcium
(Ca), phosphor (P), sodium (Na), potassium (K),
chloride (Cl), magnesium (Mg), and ferrous (Fe).
The differences among the growth rates of the fish
groups were tested via the variance analyses, and
the averages of the groups were analyzed by using

RESULTS
Although there was no significant change in
proportion to beginning of the experiment, it was
observed that the fish in Pb(NO3)2 group have
started to swim and move slower than fish in
Control and Pb(NO3)2 + Zeolite group. The fish in
Pb(NO3)2 have started to accumulate generally at
the edges of the aquarium. The carp fish in Zeolite
group have not shown distinguishing behaviors
significantly different from the fish in Control and
Pb(NO3)2 + Zeolite groups. Although the pellet
intake of fish in Pb(NO3)2 group has shown no
difference in proportion to fish in Control, in
Pb(NO3)2 + Zeolite and only Zeolite groups, their
willingness and behavior of feeding have decreased
after 47th day in proportion to beginning of the
study.
The mean weight of the fish at the beginning
of the study was 101.8 ± 0.19 g. At the end of 30
day trial period, the mean weights of the fish in
groups were 148.3 ± 0.21g in control group, 141.2
± 0.20 g in lead and zeolite group, 137.8 ± 0.20 g in
zeolite group, and 134.4 ± 0.21 g in lead nitrate
group.
At the end of 60 day trial period, the mean
weights of the fish in groups were 233.4 ± 0.22g in
control group, 222.1 ± 0.21 g in lead and zeolite
group, 214.2 ± 0.20 g in zeolite group, and 206.4 ±
0.21 g in lead nitrate group.
At the end of 90-day trial period, the mean
weights of the fish in groups were 361.7 ± 0.23g in
control group, 344.6 ± 0.22 g in lead and zeolite
group, 331.4 ± 0.22 g in zeolite group, and 319.3 ±
0.21 g in lead nitrate group.
The results of performed blood analyses are
presented in Table 1, and expressed in mean values.
The results in cholesterol (CLO) analyses in
Pb(NO3)2 group were 238.36 mmol/L in 30 days
trial period, 172.03 mmol/L in 60 days trial group,
and 192.90 mmol/L in 90 days trial group. As a
result of analyses in Pb(NO3)2+Zeolite group, the
same values were found to be 171.68 mmol/L,
127.60 mmol/L, and 140.40 mmol/L, respectively.
During the examinations in Zeolite group, the same
values were found to be 164.64 mmol/L, 134.70
mmol/L, and 152.83 mmol/L, respectively.
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TABLE 1
Blood analysis results by experiment groups for trial periods of 30 Days, 60 Days, and 90 Days.
Pb(NO3)2

Pb(NO3)2 + Zeolite

30 days 60 days 90 days 30 days
Cholesterol (CLO) mmol/L 238.36
Triglyceride (TG) mg/dl

88.24

Zeolite

Control

60 days

90 days

30 days 60 days 90 days

30 days 60 days 90 days

172.03

192.90

171.68

127.60

140.40

164.64

134.70

152.83

103.56

102.80 105.70

44.40

57.83

105.84

72.97

85.90

92.52

55.77

67.33

79.68

63.00

807.28

810.83 822.40

Low Density Lipoprotein 1752.68 1706.97 1901.17 1476.20
(LDL) U/l

1495.07

1607.43 1466.80 1520.23 1572.30

65.93

ALT=GPT (Alanine
Aminotransferase) U/l

13.25

19.26

18.13

25.11

25.89

33.68

18.72

33.29

25.34

35.69

37.04

AST=GOT Aspartate
Aminotransferase U/l

120.89

118.63

111.27

193.09

156.69

34.32

160.33

187.43

25.12

222.37

206.18 206.16

Alkaline Phosphatase
(ALP) U/l

524.28

493.73

460.60

421.56

425.83

423.90

485.60

416.20

422.33

403.44

391.33 392.00

Calcium (Ca) mmol/L

7.91

7.97

7.83

8.19

8.12

8.02

8.02

8.38

8.43

8.38

8.78

8.84

Phosphor (P) mmol/L

8.84

6.80

5.60

10.76

9.70

8.33

9.92

8.23

7.77

12.20

11.83

11.70

Sodium (Na) mmol/L

142.44

142.47

135.47

196.20

187.37

175.80

160.68

164.00

162.77

222.44

208.03 207.33

Potassium (K) mmol/L

4.39

4.17

3.87

6.96

6.39

6.45

4.81

4.82

4.76

7.40

Chloride (Cl) mmol/L

112.64

109.63

104.93

145.88

140.67

134.17

122.32

116.30

113.13

167.36

Magnesium (Mg) mmol/L

3.45

3.70

3.55

6.40

6.30

6.24

4.10

4.22

4.21

6.76

In analyses performed in Control group, the
cholesterol values were found to be 103.56
mmol/L, 102.80 mmol/L, and 105.70 mmol/L in 30,
60 and 90 days of trial periods respectively. As a
result of performed statistical analyses, it was found
that the differences among the groups were
statistically significant (P<0.05). While the
minimum cholesterol values at the end of all
examination durations were observed in control
group, the maximum glucose value at the end of 90day trial period was observed in Pb(NO 3)2 group.
The results in triglyceride (TG) analyses in
Pb(NO3)2 group were 88.24 mg/dl in 30 days trial
period, 44.40 mg/dl in 60 days trial group, and
57.83 mg/dl in 90 days trial group. As a result of
analyses in Pb(NO3)2+Zeolite group, the same
values were found to be 105.84 mg/dl, 72.97 mg/dl,
and 85.90 mg/dl, respectively. During the
examinations in Zeolite group, the same values
were found to be 92.52 mg/dl, 55.77 mg/dl, and
67.33 mg/dl, respectively. In analyses performed in
Control group, the TG values were found to be
79.68 mg/dl, 63.00 mg/dl, and 65.93 mg/dl in 30,
60 and 90 days of trial periods respectively. As a
result of performed statistical analyses, it was found
that the differences among the groups were
statistically significant (P<0.05). The minimum TG
values at the end of 30-day, 60-day and 90-day trial
periods were observed in Control, Pb(NO3)2 and
Pb(NO3)2 groups, respectively, while the maximum

7.07

37.16

6.96

154.70 153.50
6.61

6.16

TG value at the end of 90-day trial period was
observed in Pb(NO3)2 + Zeolite group.
The low density lipoprotein (LDL) analyses in
Pb(NO3)2 group indicated the results of 1752.68 U/l
at the end of 30 days trial period, 1706.97 U/l at the
end of 60 days trial group, and 1901.17 U/l at the
end of 90 days trial group. As a result of analyses in
Pb(NO3)2+Zeolite group, the mentioned values
were found to be 1476.20 U/l, 1495.07 U/l, and
1607.43 U/l, respectively. During the examinations
in Zeolite group, these values were found to be
1466.80 U/l, 1520.23 U/l, and 1572.30 U/l,
respectively. In analyses performed in Control
group, the total protein values were found to be
807.28 U/l, 810.83 U/l, and 822.40 U/l in 30, 60
and 90 days of trial periods respectively. As a result
of performed statistical analyses, it was found that
the differences among the groups were statistically
significant (P<0.05). While the minimum LDL
values at the end of 30-day, 60-day and 90-day trial
periods were observed in Control group, the
maximum LDL value at the end of 90-day trial
period was observed in Pb(NO3)2 group. This result
indicates that the Pb(NO3)2 implementation
increases the LDL level of the blood. The alanine
aminotransferase (ALT) analyses performed on
Pb(NO3)2 group indicated the results of 13.25 U/l at
the end of 30 days trial period, 19.26 U/l at the end
of 60 days trial group, and 18.13 U/l at the end of
90 days trial group.
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groups. The maximum AST value at the end of 90day trial period was observed in Control group.
Also the alkaline phosphatase (ALP) analyses
were performed on groups. The Pb(NO3)2 group
results were found to be 524.28 U/l at the end of 30
days trial period, 493.73 U/l at the end of 60 days
trial group, and 460.60 U/l at the end of 90 days
trial group. As a result of analyses in
Pb(NO3)2+Zeolite group, the mentioned values
were found to be 421.56 U/l, 425.83 U/l, and
423.90 U/l, respectively. During the examinations
in Zeolite group, these values were found to be
485.60 U/l, 416.20 U/l, and 422.33 U/l,
respectively. In analyses performed in Control
group, the ALP values detected were found to be
403.44 U/l, 391.33 U/l, and 392.00 U/l in 30, 60
and 90 days of trial periods respectively. As a result
of performed statistical analyses, it was found that
the differences among the groups were statistically
significant (P<0.05). While the minimum ALP
values at the end of 30-day, 60-day and 90-day trial
periods were observed in Control group, the
maximum ALP value at the end of 90-day trial
period was observed in Pb(NO3)2 group.
Also the calcium (Ca) analyses were
performed on groups. The Pb(NO3)2 group results
were found to be 7.91 mmol/L at the end of 30 days
trial period, 7.97 mmol/L at the end of 60 days trial
group, and 7.83 mmol/L at the end of 90 days trial
group. As a result of analyses in Pb(NO3)2+Zeolite
group, the mentioned values were found to be 8.19
mmol/L,8.12mmol/L,and8.02mmol/Lrespectively
During the examinations in Zeolite group,
these values were found to be 8.02 mmol/L, 8.38
mmol/L, and 8.43 mmol/L, respectively. In
analyses performed in Control group, the calcium
values detected were found to be 8.38 mmol/L, 8.78
mmol/L, and 8.84 mmol/L in 30, 60 and 90 days of
trial periods respectively. As a result of performed
statistical analyses, it was found that the differences
among the groups were statistically significant
(P<0.05). The minimum calcium values at the end
of 30-day, 60-day and 90-day trial periods were
observed in Pb(NO3)2 group, while the maximum
calcium value at the end of 90-day trial period was
observed in Control group.

FIGURE 2
LDL analyses in different trial periods.

As a result of analyses in Pb(NO3)2+Zeolite
group, the mentioned values were found to be 25.11
U/l, 25.89 U/l, and 33.68 U/l, respectively. During
the examinations in Zeolite group, these values
were found to be 18.72 U/l, 33.29 U/l, and 25.34
U/l, respectively. In analyses performed in Control
group, the ALT values were found to be 35.69 U/l,
37.04 U/l, and 37.16 U/l in 30, 60 and 90 days of
trial periods, respectively. As a result of performed
statistical analyses, it was found that the differences
among the groups were statistically significant
(P<0.05). The minimum albumin values at the end
of 30-day, 60-day and 90-day trial periods were
observed in Pb(NO3)2, while the maximum albumin
value at the end of 90-day trial period was observed
in Control group.
This result indicates that the
Pb(NO3)2 usage has decreased the ALT level of the
blood.
Also the aspartate aminotransferase (AST)
analyses were performed on groups. The Pb(NO3)2
group results were found to be 120.89 U/l at the end
of 30 days trial period, 118.63 U/l at the end of 60
days trial group, and 111.27 U/l at the end of 90
days trial group. As a result of analyses in
Pb(NO3)2+Zeolite group, the mentioned values
were found to be 193.09 U/l, 156.69 U/l, and 34.32
U/l, respectively. During the examinations in
Zeolite group, these values were found to be 163.33
U/l, 187.43 U/l, and 25.12 U/l, respectively. In
analyses performed in Control group, the AST
values detected were found to be 222.37 U/l,
206.18 U/l, and 206.16 U/l in 30, 60 and 90 days of
trial periods respectively. As a result of performed
statistical analyses, it was found that the differences
among the groups were statistically significant
(P<0.05). The minimum globulin values at the end
of 30-day, 60-day and 90-day trial periods were
observed in Pb(NO3)2, Pb(NO3)2, and Zeolite
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FIGURE 3
Calcium analyses in different trial periods.



FIGURE 5
Phosphor analyses in different trial periods.

According to the phosphor (P) analyses
performed on groups, Pb(NO3)2 group results were
found to be 8.84 mmol/L at the end of 30 days trial
period, 6.80 mmol/L at the end of 60 days trial
group, and 5.60 mmol/L at the end of 90 days trial
group. As a result of analyses in Pb(NO3)2+Zeolite
group, the mentioned values were found to be 10.76
mmol/L, 9.70 mmol/L, and 8.33 mmol/L,
respectively. During the examinations in Zeolite
group, these values were found to be 9.92 mmol/L,
8.23 mmol/L, and 7.77 mmol/L, respectively.

The minimum phosphor values at the end of
30-day, 60-day and 90-day trial periods were
observed in Pb(NO3)2 group, while the maximum
calcium value at the end of 90-day trial period was
observed in Control group. These results indicated
that the lead exposure of the fish decreases the
phosphor level of the blood.
According to the sodium (Na) analyses
performed on groups, Pb(NO3)2 group results were
found to be 142.44 mmol/L at the end of 30 days
trial period, 142.47 mmol/L at the end of 60 days
trial group, and 135.47 mmol/L at the end of 90
days trial group. As a result of analyses in
Pb(NO3)2+Zeolite group, the mentioned values
were found to be 196.20 mmol/L, 187.37 mmol/L,
and 175.80 mmol/L, respectively. During the
examinations in Zeolite group, these values were
found to be 160.68 mmol/L, 164.00 mmol/L, and
162.77 mmol/L, respectively. In analyses
performed in Control group, the sodium values
detected were found to be 222.44 mmol/L, 2028.03
mmol/L, and 207.33 mmol/L in 30, 60 and 90 days
of trial periods respectively. As a result of
performed statistical analyses, it was found that the
differences among the groups were statistically
significant (P<0.05). The minimum sodium values
at the end of 30-day, 60-day and 90-day trial
periods were observed in Pb(NO3)2 group, while the
maximum calcium value at the end of 90-day trial
period was observed in Control group. These results
indicated that the lead exposure of the fish
decreases the sodium level of the blood.

FIGURE 4
AST analyses in different trial periods.

In analyses performed in Control group, the
phosphor values detected were found to be 12.20
mmol/L, 11.83 mmol/L, and 11.70 mmol/L in 30,
60 and 90 days of trial periods respectively. As a
result of performed statistical analyses, it was found
that the differences among the groups were
statistically significant (P<0.05).
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FIGURE 6
Sodium analyses in different trial periods
FIGURE 7
Potassium analyses in different trial periods

The potassium (K) analyses performed on
Pb(NO3)2 group indicated the results of 4.39
mmol/L at the end of 30 days trial period, 4.17
mmol/L at the end of 60 days trial group, and 3.87
mmol/L at the end of 90 days trial group. As a
result of analyses in Pb(NO3)2 + Zeolite group, the
mentioned values were found to be 6.96 mmol/L,
6.39 mmol/L, and 6.45 mmol/L, respectively.
During the examinations in Zeolite group, these
values were found to be 4.81 mmol/L, 4.82
mmol/L, and 4.76 mmol/L, respectively. In
analyses performed in Control group, the potassium
values were found to be 7.40 mmol/L, 7.07
mmol/L, and 6.96 mmol/L in 30, 60 and 90 days of
trial periods respectively. As a result of performed
statistical analyses, it was found that the differences
among the groups were statistically significant
(P<0.05). The minimum potassium values at the
end of 30-day, 60-day and 90-day trial periods were
observed in Pb(NO3)2 group, while the maximum
calcium value at the end of 90-day trial period was
observed in Control group. These results indicated
that the lead exposure of the fish decreases the
potassium level of the blood.

The ferrous (Fe) analyses performed on
Pb(NO3)2 group indicated the results of 15.85
mmol/L at the end of 30 days trial period, 15.83
mmol/L at the end of 60 days trial group, and 13.60
mmol/L at the end of 90 days trial group. As a
result of analyses in Pb(NO3)2 + Zeolite group, the
mentioned values were found to be 17.40 mmol/L,
17.43 mmol/L, and 19.40 mmol/L, respectively.
During the examinations in Zeolite group, these
values were found to be 21.65 mmol/L, 31.77
mmol/L, and 17.60 mmol/L, respectively. In
analyses performed in Control group, the ferrous
values were found to be 30.80 mmol/L, 30.87
mmol/L, and 30.50 mmol/L in 30, 60 and 90 days
of trial periods respectively. As a result of
performed statistical analyses, it was found that the
differences among the groups were statistically
significant (P<0.05). While the minimum phosphor
values at the end of 30-day, 60-day and 90-day trial
periods were observed in Pb(NO3)2 group, the
maximum calcium value at the end of 90-day trial
period was observed in Control group. These results
indicated that the lead exposure of the fish
decreases the ferrous level of the blood.
The chloride (Cl) analyses performed on
Pb(NO3)2 group have indicated the results of 112.64
mmol/L at the end of 30 days trial period, 109.63
mmol/L at the end of 60 days trial group, and
104.93 mmol/L at the end of 90 days trial group. As
a result of analyses in Pb(NO3)2 + Zeolite group,
the mentioned values were found to be 145.88
mmol/L, 140.67 mmol/L, and 134.17 mmol/L,
respectively. During the examinations in Zeolite
group, these values were found to be 122.32
mmol/L, 116.30 mmol/L, and 113.13 mmol/L,
respectively. In analyses performed in Control
group, the chloride values were found to be 167.36
mmol/L, 154.70 mmol/L, and 153.50 mmol/L in 30,
60 and 90 days of trial periods respectively. As a
result of performed statistical analyses, it was found
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30 days of trial to 192.90 mmol/L at the end of 90
days of trial. But the cholesterol level of the blood
in Zeolite group decreased from 164.64 mmol/L on
30th day to 152.83 g/l at the end of 90th day of trial.
The triglyceride levels have decreased from 88.224
mg/dl at 30th day to 57.83 mg/dl at 90th day in
Pb(NO3)2 group, and from 92.2 mg/dl at 30 th day to
67.33 mg/dl at 90th day in Zeolite group. While the
level of cholesterol has increased from 103.56
mmol/L at 30th day to 105.70 mmol/L at 90th day in
Control group, the level of triglyceride has
decreased from 79.68 at 30th day to 65.93 at 90th
day. The LDL level has increased from 1752.68 U/I
at 30th day to 1901.17 U/I at 90th day in Pb(NO3)2
group, while it has increased from 1466.80 U/I at
30th day to 1572.30 U/I in Zeolite group. The
increase in Control group has been from 807.28 U/I
at 30th day to 822.40 U/I at 90th day. As known, the
cholesterol, lipoproteins, and triglyceride values are
connected with the metabolism of lipids and
functions of liver and kidney [9].
The ALT levels in Pb(NO3)2 group have
increased from 13.25 U/I at 30th day to 18.13 U/I at
90th day. The ALT levels in Control group have
increased from 35.69 U/I at 30th day to 37.10 U/I at
90th day. In Zeolite group, the ALT value has
increased from 18.72 U/I at 30th day to 25.34 U/I at
90th day. The AST values observed in Pb(NO3)2
group have decreased from 120.89 U/I at 30 th day to
111.27 U/I at 90th day. The same value has
decreased from 160.33 U/I at 30th day to 25.12 U/I
at 90th day. The AST values of Control group have
decreased from 222.37 U/I at 30th day to 206.16 U/I
at 90th day. The level of ALP in Pb(NO3)2 group
has decreased from 524.28 U/I at 30th day to 460.60
U/I at 90th day. The same value observed in Zeolite
group has decreased from 485.60 U/I at 30 th day to
422.33 U/I at 90th day. The ALP level of Control
group has decreased from 403.44 U/I at 30 th day to
392.00 U/I at 90th day. As it is known, these
changes in ALT, AST and ALP levels may be
observed in fish groups exposed to heavy metal.
When these changes are accompanied by decrease
in blood glucose level, they may indicate the
degeneration in muscle tissues.
Between 30th day and 90th day, the level of
calcium has decreased from 7.91 mmol/L to 7.83
mmol/L in Pb(NO3)2 group, increased from 8.02
mmol/L to 8.43 mmol/L in Zeolite group, and
increased from 8.38 mmol/L to 8.8 mmol/L in
Control group. In same period, the level of
phosphor has decreased from 8.84 mmol/L to 5.60
mmol/L in Pb(NO3)2 group, from 9.92 mmol/L to
7.77 mmol/L in Zeolite group and 12.20 mmol/L to
11.70 mmol/L in Control group. While a research
[10] has reported no effect of Zeolite A on calcium
and phosphor concentration of chicken plasma, the
implementation of Zeolite in our study has led to
significant changes in these values.

that the differences among the groups were
statistically significant (P<0.05). While the
minimum chloride values at the end of 30-day, 60day and 90-day trial periods were observed in
Pb(NO3)2 group, the maximum calcium value at the
end of 90-day trial period was observed in Control
group. These results indicated that the lead
exposure of the fish decreases the chloride level of
the blood.

FIGURE 8
Chloride analyses in different trial periods

The magnesium (Mg) analyses performed on
Pb(NO3)2 group indicated the results of 3.45
mmol/L at the end of 30 days trial period, 3.70
mmol/L at the end of 60 days trial group, and 3.55
mmol/L at the end of 90 days trial group. As a
result of analyses in Pb(NO3)2 + Zeolite group, the
mentioned values were found to be 6.40 mmol/L,
6.30 mmol/L, and 6.24 mmol/L, respectively.
During the examinations in Zeolite group, these
values were found to be 4.10 mmol/L, 4.22
mmol/L, and 4.21 mmol/L, respectively. In
analyses performed in Control group, the
magnesium values were found to be 6.76 mmol/L,
6.61 mmol/L, and 6.16 mmol/L in 30, 60 and 90
days of trial periods respectively. As a result of
performed statistical analyses, it was found that the
differences among the groups were statistically
significant (P<0.05). The minimum magnesium
values at the end of 30-day, 60-day and 90-day trial
periods were observed in Pb(NO3)2 group, while the
maximum calcium value at the end of 90-day trial
period was observed in Pb(NO3)2 + Zeolite group.
These results indicated that the lead exposure of the
fish decreases the magnesium level of the blood.

DISCUSSION
The cholesterol level of the blood in Pb(NO3)2
group decreased from 238.36 mmol/L at the end of
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Between 30th and 90th day of this research, the
level of sodium has decreased from 142.44 mmol/L
to 135.47 mmol/L in Pb(NO3)2 group, increased
from 160.68 mmol/L to 162.77 mmol/L in Zeolite
group, and decreased from 222.44 mmol/L to
207.33 in Control group. In same period, the level
of potassium has decreased from 4.39 mmol/L to
3.87 mmol/L in Pb(NO3)2 group, from 4.81 mmol/L
to 4.76 mmol/L in Zeolite group, and from 7.40
mmol/L to 6.96 mmol/L. These results indicate that
the implementation of lead nitrate significantly
affects the levels of calcium and potassium. In a
study [11] where the zeolite A has been used,
decreases in these values have also been observed,
as in our study.
Between 30th day and 90th day of experiments,
the level of chloride has decreased from 112.64
mmol/L to 104.93 mmol/L in Pb(NO3)2 group, from
122.32 mmol/L to 113.13 mmol/L in Zeolite group,
and from 167.63 mmol/L to 153.50 mmol/L in
Control group. The levels of magnesium, in same
period, has increased from 3.45 mmol/L to 3.55
mmol/L in Pb(NO3)2 group, from 4.10 mmol/L to
4.21 mmol/L in Zeolite group, and decreased from
6.76 mmol/L to 6.16 mmol/L in Control group. And
in same time period, the level of ferrous has
decreased from 15.85 mmol/L to 13.60 mmol/L in
Pb(NO3)2 group, 21.65 mmol/L to 17.60 mmol/L in
Zeolite group, and from 30.80 mmol/L to 30.50
mmol/L in Control group.
The researches [7] have shown that
clinoptilolite addition can protect the common carps
against lead toxicity by decreasing the adverse
effects of the lead. The experiments, which have
been carried out by adding the clinoptilolite into the
water in which the fish were fed, have never shown
any adverse or negative effect of the clinoptilolite.
The high cation capacity of the clinoptilolite
removes the lead load within the water, and
GHFUHDVHVWKHILVK¶VH[SRVXUHWROHDG[7].
Although the natural and synthetic zeolites are
commonly used in domains such as industry,
agriculture, animal husbandry and environmental
protection, there is no sufficient number of studies
investigating their effects in appropriate animal
models and possible medical applications [12]. It
has clearly been shown in many researches that the
zeolite-added feeds have contributed to the health
status, feed efficiency, and growth rates. Moreover,
when zeolites are part of the diet, it is seen that the
intestinal disease incident throughout the young
animals shows the tendency towards decreasing
[13]. In a Japanese research, it has been found that
2-5% of zeolite addition into the feeds of cattle has
led to increases in body weights and decreases in
diarrhea incidence throughout the animals. In their
study, Pond et al. [14] have shown that the zeolite
minerals bound the free ammonia in gastrointestinal



tract, and thereby prevent the build-up of ammonia
to toxic levels throughout the system.

CONCLUSION
It is thought that the zeolite used in this study
leads to decrease in weight in long-term since it
absorbs the minerals in water, which are necessary
for development and growth of the fish. We
strongly recommend considering this aspect while
planning using the zeolite for a long-term.
Due to the lack of studies investigating the exact
features and effects of the zeolite minerals, the
dietary and antibiotic effects of zeolites are not
understood sufficiently. The studies investigating
the biological and biochemical properties and
effects of the zeolites are needed.
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MOLECULAR IDENTIFICATION OF PUFFER FISH
LAGOCEPHALUS SCELERATUS (GMELIN, 1789) AND
LAGOCEPHALUS SPADICEUS (RICHARDSON, 1845) FROM
EASTERN MEDITERRANEAN, TURKEY
Inci Tuney1, 2
1

Ege University, Faculty of Science, Department of Biology, Hydrobiology Section, 35100 Bornova- ø]PLU-Turkey
2
Mediterranean Conservation Society, 35430 Urla-ø]PLU-Turkey

Lagocephalus sceleratus (Gmelin, 1789),
Lagocephalus spadiceus (Richardson, 1845),
Lagocephalus suezensis Clark & Gohar (1953),
Torquigener flavimaculosus Hardy & Randall,
(1983) and Tylerius spinosissimus (Regan, 1908)
are the four Lessepsian puffer fish species recorded
in the Mediterranean Sea. To date, Atlantic
originated puffer fish species; Sphoeroides
marmoratus
(Lowe,
1838),
Sphoeroides
pachygaster (Müller & Troschel, 1848),
Sphoeroides spengleri (Bloch, 1785) and Ephippion
guttiferum (Bennett, 1831), have also been recorded
in the Mediterranean Sea. Although only S.
pachygaster has been recorded in the Turkish
Mediterranean coastline. L. sceleratus is one of the
Lessepsian species which have recently invaded the
Eastern basin of the Mediterranean Sea. It was first
recorded in Gökova Bay, Turkey in 2003 [5] and
has colonized new territories of the Eastern
Mediterranean at a very rapid rate. Today, it is
regarded to be among the worst invasive species in
the Mediterranean Sea with a significant impact on
the surrounding ecosystem and on commercial
fishing industry [6, 7, 8]. L. sceleratus is considered
to be a serious hazard to consumers since it
contains a strong marine toxin called tetrodotoxin
(TTX), a heat-stable and water-soluble neurotoxin
which can be lethal to humans [7,9].
L. spadiceus, which is a non-toxic
Lagocephalus species, was first recorded in
Iskenderun Bay, Turkey by Kosswig [10], later in
Samos island by Ananiadis [11], and in Israel by
Ben-Tuvia [12].
Some non-toxic puffer fish species including
L. spadiceus have a big economic importance as
they are considered a culinary delicacy and
consumed widely in certain Asian countries.
However, suppliers and consumers are often
confused while identifying the toxic and non-toxic
puffer fish species due to their similarity in external
morphology. Because of the high toxicity in the
muscle tissues of some of the puffer fish species,
mislabeling is an important issue for the puffer fish
industry.
Species identification of raw or processed
food is an important issue in food inspection

ABSTRACT
The Mediterranean Sea is home to numerous
invasive marine species. The Suez Canal is
considered as the major route of migrating IndoPacific species known as Lessepsian species, from
the Red Sea into the Mediterranean. One of those
species Lagocephalus sceleratus and Lagocephalus
spadiceus has serious impact on the ecosystem,
fisheries and human health within a decade.
DNA based methods are frequently preferred
and reliable techniques in species identification
studies. The 16S rRNA genes and cytochrome b
genes are relatively conserved mitochondrial genes,
used for this purpose.
16S rRNA gene primers and cytochrome b
gene specific pirmers were used to identify Turkish
L. sceleratus and L. spadiceus specimens from
Gökova Bay via PCR analysis. Obtained gene
sequence deposited in GenBank databse.
Consequently, it was obtained that cytochrome b
gene sequence is more useful than 16S rRNA gene
region for identification of L. spadiceus samples
while both gene region give reasonable results for
L. sceleratus species.
KEYWORDS:
16S rRNA, cytochrome b,
Mediterranean Sea, Puffer fish

PCR,

Lessepsian,

INTRODUCTION
After the opening of the Suez Canal, two
different ecosystems were connected. Whereas the
tropical Indo-Pacific species successfully entered
the Mediterranean Sea, very few migrations were
observed in the other direction. With the increase in
sea surface temperatures in the last entry years,
conditions in the eastern Mediterranean are more
suitable for the growth, reproduction, and survival
of tropical species [1, 2, 3]. More than 300 IndoPacific species colonized the Mediterranean Sea,
including seaweeds, sea grasses, invertebrates and
fishes [4].
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species [27, 28] based on polymerase chain reaction
(PCR) of the cytochrome b gene sequences. Hsieh
et al. [28] reported that this technique was useful
for distinguishing between toxic and non-toxic
puffer fish species. Ishizaki et al. [29] and
Nagashima et al. [30] were used 16S rRNA gene
region to identify Lagocephalus species. Song et al.
[31] studied the 16S rRNA gene region difference
of Takifugu species and suggested this technique is
usefull in distinguishing between T. rubripes and T.
pseudommus.
There is very limited information on
Lagocephalus sp. in Mediterranean Sea regarding
systematics, zoogeography and growth cycle.
According to Matsuura et al. [32], classification at
the species level in Lagocephalus has not yet been
studied in detailed. Especially the species such as L.
cheesemanii, L. gloveri, L. spadiceus, and L.
wheeleri cause confusion in species level.
With this study we aim to make contribution
to systematics of two Lagocephalus species caught
on Turkish coasts. We identified puffer fish
samples by PCR amplification method and compare
their 16S rRNA and cytochrome b gene sequence
with Lagocephalus species in GenBank database to
evaluate the usefullness of this gene regions. We
belive that our findings will contribute to molecular
database and identification of Lagocephalus genus.

activity. EU Regulations 104/2000, Chapter 2,
Article 4 declerates that fish products without the
labels indicating i) commercial designation of the
species (the scientific name of the species, the name
of the species in the official language and, any other
name or names accepted or permitted locally or
regionally), ii) method of production and iii)
capture area may not be offered for retail sale. With
this article the EU regulation highlights the
importance of identifiynig the fish species
accurately.
In order to differentiate fish species, several
identification methods based on proteins and DNA,
such as liquid chromatography [13], immunoassays
[14, 15], and isoelectric focusing (IEF) [16], have
been developed.
However, using protein banding patterns
doesn't always clearly identify the fish species as
proteins lose their biological activity after animal
death and become very vulnerable to heat. On the
other hand, DNA is relatively stable and identical in
almost all cell types of an individual, in all
developmental stages [17, 18]. Consequently, it is
believed that DNA techniques can be better
methods than morphological examinations in
resolving questions related to the taxonomic
identity of specimens at different lifecycle stages or
in different processing states; as a result, providing
a vital tool for exposing fraud and illegal species
trading [19, 20, 21, 22, 23]. The high copy number
of mtDNA in each cell prevents the possibility of
amplification failure even working with low DNA
concentrations [24, 25]. Cytochrome b (cyt b),
cytochrome c oxidase I (COI) gene and the 16S
ribosomal RNA (rRNA) genes are most popular
mtDNA markers used for molecular species
identification [22]. The 16S and 12S rRNA genes
are relatively conserved mitochondrial genes,
evolving more slowly than the mitochondrial
genome as a whole [4, 26].
Like other fish studies, DNA-based method
has been used for identification of puffer fish

MATERIALS AND METHODS
Material. Thirty puffer fish specimens were
collected as by-catch in Gökova Bay 0X÷OD
Turkey on May 2013. The samples were weighted
and measured, the length and weight of the
specimens were recorded. They were immediately
frozen and transported to the Laboratory of Ege
University, Hydrobiology Laboratory, where they
were stored at -20qC until further analysis.

FIGURE 1
A representetive sample of L. sceleratus FROOHFWHGIURP*|NRYD%D\0X÷OD-Turkey.
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FIGURE 2
A representetive sample of L. spadiceus REWDLQHGIURP*|NRYD%D\0X÷OD-Turkey.

Twenty two of the specimen were recognized as L.
sceleratus and the other eight as L. spadiceus
according to the morphological identification [5,
33, 34]. A typical example of L. sceleratus and L.
spadiceus are shown in Figure 1 and 2,
respectively. Similar size samples (six L. sceleratus
and six L. spadiceus) selected for our study.

Sequence and Phylogenetic Analysis.
Sequence analysis of PCR amplicons was
performed at BM Laboratories (Ankara, Turkey).
The obtained sequences were compared to those
from GenBank using the BLAST algorithm [35]
and aligned using the ClustalW algorithm (MEGA
5). Aligned data set was used for creating
phylogenetic trees in MEGA 5 software [36].
Neighbor Joining [37] algorithm was used for
inferring the phylogenetic relationships with 100
bootstrap. Genetic distance between the species
also calculated by MEGA 5 software.

DNA Extraction and PCR Amplification.
Total cellular DNA was extracted from muscle of
each specimen with a DNeasy Blood & Tissue kit
(Qiagen) in accordance with manufaFWXUHU¶V
instructions. DNAs were stored at -20qC until
further analysis.
A partial region (~600 bp) of the
mitochondrial 16S rRNA gene was amplified by
using
primers
6DU/
ƍCGCCTGTTTATCAAAAACAT-ƍ DQG 6EU+
ƍ-CCGGTCGAAACTCAGATCACGT-ƍ[28, 29].
The cytochrome b gene fragment (~310 bp)
amplified
with
primers
L14841:
5ƍAAAAAGCTTCCATCCAACCAACATCTCAGC
ATGATGAAA-3ƍ
and
H15149:
5ƍAAACTGCAGCCCCTCAGAATGATATTTGTC
CTCA-3ƍ[27].
Both PCRs were performed in 25 ȝ/ WRWDO
volume of reaction buffer containing 2.5 mM
dNTPs (Thermo Scientific), 20 ȝ0 of each primer,
0.4 ȝ/ Dream Taq DNA polymerase, (Thermo
Scientific), 10 × Buffer, and 2 ng template DNA.
PCR analysis was performed by Runik Thermal
Cycler (Sacem). PCR conditions for both primer
pairs were started with initial denaturation step at
95°C for 2 minutes, which was followed by 30
cycles of DNA denaturation at 95°C for 30 seconds,
primer annealing for 1 min. at 53°C, DNA strand
extension at 72°C for the 1 min., and a final
extension step at 72°C for 10 min. The PCR
products were separated on 1% agarose gel
electrophoresis, stained with SafeView Stain
(ABM) and visualized by image analyzer.

RESULTS
Species identification of the puffer fish
specimens was carried out by morphological
examination and a direct DNA sequencing analysis.
L. sceleratus specimen has an elongated body
slightly compressed at the sides (Figure 1). The
lateral lines are easily visible and the body is dark
brown with regular blotches on its back, except for
the belly which is white [38]. It has two strong teeth
in each jaw. Numbers of dorsal and anal fins are
12-13 and 10-12, respectively for L. sceleratus as
described in Bilecenoglu [38]; 10-13 and 8-12 for
L. spadiceus [30]. In summary, the different
features of L. spadiceus are; it has spinules on its
head and doesQ¶WKDYHEODFNGRWVRQWKHVNLQ
The first six specimens (L. sceleratus) were 70
cm, 64 cm, 65 cm, 69 cm, 58 cm and 68 cm long
and 4762 g, 3984 g, 3880 g, 3900 g, 3760 g and
3950 g weight, respectively. The latter six
specimens (L. spadiceus) were 45.5 cm, 40.2 cm,
44 cm, 41 cm, 42.4 cm and 43 cm long and 2250 g,
1980 g, 2000 g, 2100 g, 2180 g and 2120 g weight,
respectively. Numbers of dorsal and anal fins were
11.
Total DNA was isolated from the muscle
tissue of puffer fish specimens and subjected to
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mitochondrial 16S rRNA gene specific PCR using

16SarL and 16SbrH primers and cytochrome b gene

FIGURE 3
PCR products of partial 16S rRNA regions of 12 puffer fish specimens. Specimens 1, 2, 3, 4, 5 and 6 are L.
sceleratus, specimens 7, 8, 9, 10, 11 and 12 are L. spadiceus.

FIGURE 4
PCR products of partial cytochorme b regions of 12 puffer fish specimens. Specimens 1, 2, 3, 4, 5 and 6 are
L. sceleratus, specimens 7, 8, 9, 10, 11 and 12 are L. spadiceus.
specific PCR using L14841 and H15149 primers.
PCR products of twelve specimens had

approximately 600 bp long with 16SarL and
16SbrH primers (Figure 3). The cytochrome b gene
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rRNA gene sequences were submitted to GenBank
as following, KC862306; L. sceleratus and
KJ413939; L. spadiceus. cytochrome b gene
sequences were submitted to GenBank with the
following accession numbers: KP663723 for L.
sceleratus and KP683378 for L. spadiceus.

sequences of all samples were approximately 300
bp long (Figure 4).
Sequence analysis of two different gene
regions of all L. sceleratus samples and L.
spadiceus samples gave same results within the
species level. Therefore one sample submitted to
GenBank as a representative for both species. 16S

TABLE 1
Similarity and e-values as Blast results of 16S rRNA gene region of our L. sceleratus specimens and
GenBank data.
16S rRNA
L. sceleratus
(KC862306)

Accession #
from GenBank
AB742031
AB194240
AP011932
KF938589

e-value

Similarity

0.0
0.0
0.0
0.0

98%
98%
98%
98%

TABLE 2
Similarity and e-values as Blast results of of 16S rRNA gene region our L. spadiceus specimens and
GenBank data.
16S rRNA
L. spadiceus
(KJ413939)

Accession #
from GenBank
L. wheeleri
AP009538
L. wheeleri
AB742029
L. inermis
JX995927
L. inermis
JX995929
L. inermis
JX995928
L. lagocephalus
AP011933

e-value

Similarity

0.0

99%

0.0

99%

0.0

99%

0.0

99%

0.0

99%

0.0

98%

BLAST the sequenced mitochondrial 16S rRNA of
our specimen, it showed high similarity with L.
wheeleri (from Japan), L. lagocephalus (from
Japan) and L. inermis (from India) (Table 2).
Cytochrome b sequences of L. sceleratus and
L. spadiceus also blasted to compare with the
sequences in GenBank. L. sceleratus (Table 3) and
L. spadiceus (Table 4) showed high-level similarity
(100% and %99, respectively) with the other
sequences in GenBank data.

BLAST algorithm was used to compare our
sequences with the sequences available in the
GenBank database. All available 16S rRNA and
cytochrome b sequences of L. sceleratus and L.
spadiceus species were used for creating
phylogenetic trees in MEGA 5 software. The 16S
rRNA sequence of the L. sceleratus showed highlevel similarity (98%) with GenBank data (Table 1)
that supporting our morphological identification
results.
BLAST results of L. spadiceus gave different
results than morphological identification. When we
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TABLE 3
Similarity and e-values as Blast results of cytochrome b gene region of our L. sceleratus specimens and
GenBank data.
cytochrome b
L. sceleratus
(KP663723)

Accession
GenBank
KF031125
EF362414
KF031124
JQ681894
AP011932
AY267356

#

from

e-value

Similarity

4e-110
4e-110
2e-108
2e-108
2e-108
2e-108

100%
100%
99%
99%
99%
99%

TABLE 4
Similarity and e-values as Blast results of cytochrome b gene region of our L. spadiceus specimens and
GenBank data.
cytochrome b
L. spadiceus
(KP683378)

Accession #
from GenBank
KM667972
KF781159
KF781158

e-value

Similarity

5e-115
1e-151
53-150

99%
99%
98%

16S rRNA (Figure 5) and cytochrome b (Figure 6)
gene sequences of our samples and other sequences
from GenBank used for Neighbor Joining (NJ) tree
constractions.

FIGURE 6
Neighbour Joining (NJ) tree of puffer fish
species based on the partial sequence of the
cytochrome b gene constracted by Tamura-Nei
method with 100 bootstrap. (AY128529 is
outgroup, KP663723 is L. sceleratus*, KP683378
is L. spadiceus+ from Gokova).
FIGURE 5
Neighbour Joining (NJ) tree of puffer fish
species based on the partial sequence of the 16S
rRNA gene constracted by Tamura-Nei method
with 100 bootstrap. (AY267357 is outgroup,
KC862306 is L. sceleratus*, KJ413939 is L.
spadiceus+ from Gokova).

DISCUSSION
Seafood is widely traded all around the world.
There are numerous potential health risks
associated with misbranding seafood species [7,
39]. In 2007, several serious illnesses resulted from
the illegal importation of toxic puffer fish that had
been mislabeled as monkfish to circumvent U.S.
import restrictions for this product [40]. Although
consumption, commerce and landing of the puffer
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JX995929, AP011933) formed another clade. The
genetic distance between L. sceleratus species from
Turkey and from Egypt and Japan calculated as
0,013 by Mega 5 Software. The reason of the high
similarity between Japanese, Egyptian and Turkish
L. sceleratus species might be the invasion of the
Mediterranean Sea by the Indo-Pacific originated
species.
Although we get compatible results for L.
sceleratus VSHFLHV¶ PRUSKRORJLFDO DQG PROHFXODU
identification, traditional and molecular methods
provide conflicting information for L. spadiceus.
According to the morphological examination, the
specimen is L. spadiceus while BLAST analysis
resulted as L. wheeleri, L. inermis or L.
lagocephalus. However, these three species have no
records in Eastern Mediterranean Sea. The reason
of this incompatibility of the identification methods
for L. spadiceus, is the lack of mitochondrial 16S
rRNA sequence data in GenBank.
Phylogenetic trees based on cytochrome b
gene sequences gave more informative results for L.
spadiceus than 16S rRNA gene sequences because
of the presence of cytocrome b sequences of L.
spadiceus in GenBank data. :H¶YH got similar
results of phylogenetic trees for L. sceleratus both
with 16S rRNA and cytochrome b gene regions.
The number of Indo-Pacific Red Sea species,
which are commonly known as Lessepsian species
has increased in the Mediterranean Sea, due to
construction of the Suez Canal. Today, variety of
alien species in the Mediterranean Sea has reached
number 790 [42]. L. sceleratus is one of the most
dangerous Lessepsian species has invaded the
Eastern Mediterranean. It was first recorded in
Gökova Bay, Turkey in 2003 [5] and colonized
very rapidly [38]. It has a significantly negative
impact on ecosystem and on fisheries.
In conclusion, this is the first record of L.
sceleratus and L. spadiceus 16S rRNA and
cytochrome b gene sequence from Turkish coasts.
Also there are no any other data of Eastern
Mediterranean L. sceleratus or L. spadiceus 16S
rRNA and cytochrome b gene sequence in
GenBank data. We believe that future efforts should
be focused on establishing large-scale sequence
databases that will help to identify species easily
and certainly in different coasts of Mediterranean
possible.

fish is banned in many countries, it is illegally or
accidentally landed and consumed as seafood along
the Mediterranean and Red Sea coasts [41]. It is not
always possible to tell if an aquatic product
misbranded or not. Processing often damages the
diagnostic characteristics for the identification of
species. Therefore; traditional morphological
methods are often insufficient to ensure for species
resolution. For this reason; more reliable methods
which are accepted as dependable tools in
identification of fish species have been
investigated. US Food and Drug Administration
has been working on barcoding the hazardous and
endangered fish species. Regarding this problem, a
region of the cytochrome c oxidase subunit 1 gene
(COI) has been targeted and studies have shown its
effectiveness in species identification [20].
It was reported by Ishizaki et al. [29], 16S
rRNA markers can be considered as more specific
than cytochrome b to distinguish fish species.
Nagashima et al. [30], also searched the availability
of mt 16S rRNA markers for identifying
Lagoceplalus species in Japan.
In the light of Nagashima et al. [30] and
Ishizaki et al. [29], the total DNA was isolated from
L. sceleratus and L. spadiceus and subjected to
mitochondrial 16S rRNA gene specific-PCR using
16SarL and 16SbrH primers in our study. From all
individuals, ~600 bp long identical PCR product
was amplified. No additional PCR amplicons were
detected. The sequence was aligned and compared
to other L. sceleratus sequences from GenBank.
High genetic similarity (%98) and low e-values
(0.0) (expect value) confirm that these two
specimen are L. sceleratus. The obtained sequence
has been deposited in GenBank under the accession
number KC862306. This is the first record of L.
sceleratus sequence from Turkey in GenBank
database.
The 16S rRNA gene sequence of L. spadiceus
deposited in GenBank under the accession number
KJ413939, compared with other sequences in
GenBank with BLAST analysis. BLAST results
showed 99 % similarity with L. wheeleri and L.
inermis species from Japan and India.
The 16S rRNA gene sequences of four L.
sceleratus (AB742031, AB194240, AP011932,
KF938589), two L. wheeleri (AB742029,
AP009538), three L. inermis sequence (JX995927,
JX995928, JX995929) and one L. lagocephalus
(AP011933) aligned with our specimen and the
alignment was used to build phylogenetic trees.
Three different phylogenetic trees (NJ, UPGMA,
ML) were obtained by Mega 5 software. All trees
gave identical results; the four other L. sceleratus
species from GenBank (AB742031, AB194240,
AP011932, KF938589) are in the same clade with
our L. sceleratus specimen and the other
Lagocephalus species (JX995927, JX995928,
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continuously increases and the resources are
depleting is considered, to consume the energy in
an efficient way is imperative. The possibility that
the fuel reserved would be consumed soon
increases the demand for petroleum and prices.
Yearly demand is even four times higher than the
existing fuel including newly discovered reserves.
The latest data show that daily fuel consumption is
81 million barrels. It has been predicted that by the
year 2025, the demand could rise to 121 million
barrels per day and with the increasing demand the
most extensive fuel reserves would deplete 4-5%
per year and the demand for petroleum could not be
met [1]. This foresights alarmed big petroleum
conglomerates like Royal Dutch and Shell, which
steer the petroleum reserves and others that share
22% (4.35 billion barrels) of the existing reserves.
Experts share the opinion that, the reserves once
thought to resemble a huge iceberg, only the
equivalent of the visible part has remained [2].
Twelve OPEC (Organization of the Petroleum
Exporting Countries) countries, namely Angola,
Libya, Nigeria, Algeria, Iran, Iraq, Kuwait, Qatar,
Saudi Arabia, United Arab Emirates, Venezuela
and Ecuator, hold two thirds of all oil reserves in
the world. When considering the annual production
rates of existing energy resources in the world,
petroleum reserve lifespan is predicted as 42 years.
In addition to the exhaustion of petroleum
reserves, another significant issue is environmental
pollution. Fossil fuels utilized in energy and
transportation sectors due to their hydrocarbon
chain structure in different lengths, cause carbon
dioxide emissions when they disperse to the
atmosphere as a result of combustion creating a
greenhouse effect. Carbon dioxide is one of the
primary causes of the greenhouse effect.
Greenhouse gas emissions destroy the balance
between the input and output energy in the
atmosphere resulting in global warming [3].
Studies show that the average surface
temperature increased 0.6 °C during the last
century. Data of these studies prompted several
scientists to conduct research to keep the world
habitable in the future. Scientists concentrated their

ABSTRACT
Efficient biofuel production from algae
depends on the microalgal biomass production rate
and lipid content. Both biomass production and
lipid accumulation are limited by several factors, of
which nutrients play a key role. In this study, the
marine microalgae Dunaliella bardawil was used as
a model organism. D. bardawil was cultured at two
different sodium nitrate concentrations as 0 and 0.7
M, at six different amounts of salinity as 0.65, 1.0,
1.5, 2.0, 2.75 and 3.5 M, and at two different light
intensity OHYHOV DV  DQG  ȝPRO IRWRQ P-2 s-1.
The study was done under pH 7. After 15-day
growth period, the most efficient culture of D.
bardawil for both biomass increase and lipid
production was determined for the samples with
39.67 ± 4.51 lipid rates cultured under 0.7 M nitrate
FRQFHQWUDWLRQ0VDOLQLW\DQGȝPROSKRWRQ
m-2 sn-1 light intensity. This high level of lipid
production is sufficient to use D. bardawil for
biodiesel production. Also after the evaluation of
fatty acid results of GC-FID analysis, it was
determined that D. bardawil contains high rate of
medium length (C16-C18) fatty acid chains suitable
for the production of biodiesel. These results are
satisfactory to use D. bardawil in biodiesel
production.

KEYWORDS:
Dunaliella bardawil, salinity, nitrogen starvation, light
intensity, lipid

INTRODUCTION
With the population growth in the world and
the increase in scientific activities, the technology
develops rapidly and as a result, energy demand
expands every day. However, it has been predicted
that the fossil fuel reserves providing a significant
portion of the energy demand such as petroleum,
coal and natural gas would dry up in the second half
of this century. When the fact that the demand
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research on renewable energy resources to replace
fossil fuels that are limited and have deteriorating
effects on the environment. The most significant
characteristic of renewable energy sources is their
sustainability. Renewable energy systems are called
clean energy for their significant eco-friendly
nature having positive effects on ecological
balance. Among the clean and renewable energy
sources, solar, wind, geothermal, hydraulic, wave,
hydrogen and biodiesel could be mentioned.
Especially vegetal resources that are used in
biodiesel production do not escalate greenhouse
effect, they help carbon cycle by transforming the
carbon dioxide in the atmosphere via
photosynthesis [4, 5].
Biodiesel could be produced in several
countries using oil from many terrestrial plants,
especially soya beans, canola, palm, corn and
coconuts [6, 7, 8]. However to cultivate terrestrial
plants hectares of land are required. But it is more
vital to utilize the limited and valuable agricultural
fields for the nutritional needs of rapidly increasing
population. Thus, it would be more efficient both
ecologically and economically to produce biodiesel
from algae, which does not require hectares of
fields or soil for production [9, 10, 11]. The most
important raw material for biodiesel production is
lipid. Therefore in this study the green algae
Dunaliella bardawil that have high lipid content
was chosen and aimed to produce D. bardawil,
marine microalgae, in different conditions to
increase its lipid content and to scrutinize its
suitability for biodiesel production.

NaNO3 and 0.83 g Na2HPO4.7H2O were dissolved
in 1 liter of distilled water, and NaNO3 and
Na2HPO4.7H2O solutions were prepared separately.
Ten mL from prepared solutions was added to 3000
mL sea water. Also by the addition of 150 mL of
soil extract (NO2 0.15 μg L-1, NO3 0.16 μg L-1, NH4
130.58 μg L-1) and 36 mL of P-IV metal solution
(Na2EDTA.2H2O 0,75 g L-1, FeCl3.6H2O 0.097 g L1
, MnCl2.4H2O 0.041 g L-1, ZnCl2 0.005 g L-1,
CoCl2.6H2O 0,002 g L-1, Na2MoO4.2H2O 0.04 g L1
) into 3000 mL of seawater, nutrient medium was
prepared.
Three respective media were created to
increase lipid content in D. bardawil in the study.
Primarily, the most suitable nitrogen concentration
was tested for algae lipid production and rise in
biomass. Based on the findings, suitable nitrogen
concentration was used in light intensity test, and
after finding the suitable rates for nitrogen and
light, both findings were utilized for salinity test.
Thus, the suitable conditions for biomass increase
and lipid production of the experimental species
were attempted to be determined.

MATERIALS AND METHODS

Light intensity experiment. Two different
LQWHQVLWLHVRIOLJKWDWDQGȝPROSKRWRQVP-2
s-1 were implemented to two different groups in the
light intensity experiment. In both groups 2X
Erdschreiber nutrient media containing 0.7 M
NaNO3 and 150 ml in 1000 ml soil extract were
used. Synthetic seawater with 1M salinity was used
to prepare the Erdschreiber medium.

Nitrogen starvation. Two different 2X
Erdschreiber media were prepared for nitrogen
starvation experiment. The first group was
inoculated in a 2X Erdschreiber nutrient media
containing 0.7 M NaNO3 and 150 ml in 1000 ml
soil extract, the second group was planted in 2X
Erdschreiber nutrient media not containing NaNO3
DQG VRLO H[WUDFW ,Q ERWK H[SHULPHQWV  ȝPRO
photons m-2 s-1 light intensity and synthetic
seawater with 1 M were used.

ALGAL STRAIN AND CULTURE MEDIUM
Dunaliella bardawil (Chlorophyta) is in ovoid
form with a 4-10 μm width and 6-15 μm length. In
the cells there are two long flagella and a cube form
chloroplast occupying almost half of the cellular
volume. The most significant morphological
characteristic of Dunaliella is, differing from the
other members of the Volvocales order, the lack of
a hard cell wall. This characteristic enables the
algae to tolerate salinity better. The cells are
surrounded by an elastic plasma membrane.
Maximum lipid content is approximately 47% [12,
13]. The D. bardawil used in the study was
procured from UTEX culture collection. Before
starting light intensity studies, salt concentration
and nitrogen starvation studies were implemented
in solid agar media enriched with 2X Erdschreiber
solution [14]. Algae reproduced in solid agar
media for two weeks were transferred to 20 ml
liquid culture media and then condensed for the
study. For the Erdschreiber media, initially 59.5 g

Salinity experiment. Five different salt
concentrations were applied in salinity experiment
at 0.65, 1, 1.5, 2, 2.75, 3.5 M levels. In all groups
with different salinity levels, 2X Erdschreiber
nutrient medium containing 0.7 M NaNO3 and 150
ml in 1000 ml soil extUDFWZDVXVHGDQGȝPRO
photons m-2 s-1 light intensity was applied.
GROWTH CONDITIONS
In the beginning of the studies, 200 ml
nutrient media were prepared in 250 ml Erlenmeyer
flasks and autoclaved for 15 minutes in 121 ºC. D.
bardawil inoculated in 20 ml tubes previously was
centrifuged, and the liquid on top was discarded
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H[WUDFWHGZDVLQMHFWHGWKURXJKWKHGHYLFH¶VSRXULQJ
block. Column was heated at 5 °C min-1 and kept at
180 °C for 10 minutes after it reached this
temperature and then the temperature was raised to
250 °C at 3 °C min-1. It was kept at 250 °C for 20.7
minutes and the findings were recorded.

and then inoculated in sterile nutrient media.
Nitrogen starvation, salinity and light intensity
experiments were all executed in 26 ºC constant
temperature. The algae were cultured for 15 days
and optical densities, number of cells, and dry
weights were measured and algal development was
recorded. Since the volumes of cultures were small,
all Erlenmeyer flasks were stirred for 12 hours and
kept under continuous lighting.

STATISTICAL ANALYSIS
The optical density, dry weight and lipid
amount data obtained from the study were
evaluated using ANOVA in SPSS statistical
software, and to determine the statistical difference
EHWZHHQ JURXSV 'XQFDQ¶V PXOWLSOH FRPSDULVRQ
method was used. All results were expressed as
mean ± standard deviation.

HARVEST OF ALGAE
At the end of 15 days of culture period, the
algae were centrifuged at 4000 rpm for 5 minutes
using a TD3 (800B) centrifuge, and the salt water
on top was removed. To completely clean the algal
biomass in the tubes from nutrient media and salt,
they were washed with distilled water. This process
was repeated three times. After the algae cells were
harvested by centrifuge and washed, they were
dried in Ecocell type drying oven at 100 ºC for 12
hours and the biomass was determined
gravimetrically [15].

RESULTS AND DISCUSSION
NITROGEN DEMAND OF D. BARDAWIL
Like all other living beings in nature, the algae
require various nutrients to survive and to
reproduce. Nutrient requirements and amounts have
to be determined for optimum development
conditions. Previous studies demonstrated that
algae preferred ammonium (NH4+) as a nitrogen
source, because nitrogen in ammonium form could
be used directly by algae. Another significant
nitrogen source for algae is nitrate (NO3-). Nitrate is
used in algal cells first by regression into nitrite and
then to ammonium [16, 17]. The first study was
aimed to determine the effects of nitrogen on algal
development. For this purpose, two different
Erdschreiber media were prepared with and without
nitrogen and algae were inoculated in these
mediums. Biomass data obtained from the studies
are displayed in Figure 1.
The plotted data demonstrate a continuous
increase in algal biomass until the 9th day followed
by a decrease due to the decrease in nitrogen
concentration in the nutrient media after that time.
Another significant nutrient for algae is
phosphorus. Phosphorus could be stored in algal
cells. During the experiment conducted in the
nitrogen-free medium, although the algal biomass
development was not high, the algae displayed
relatively slower growth rate and managed to
survive. This was most probably due to the
utilization of phosphorus by algae during the
starvation period, because algae could store
phosphorus. The algae that benefit from the
phosphorus at the maximum amount when
abundant nutrient exists, utilize the stored
phosphorus to sustain their growth when it is
deprived of the nutrient in the medium [17, 18].

BREAKING UP OF ALGAE CELLS
Before starting to break up dried algae cells, 5
ml phosphate buffer solution (pH 7.4) was added to
prevent side reactions. Algae were broken up in
Bead-beater at 4800 rpm for 3 minutes [15].
LIPID EXTRACTION
The algae broken up in Bead-beater were
placed into centrifuge tubes and 6 mL hexane per 1
g dry algae were added and centrifuged for 5
minutes at 4000 rpm. After 24 hours rest, algae
pulp was separated from lipid-hexane mixture using
a filter paper. An evaporator at 60 °C was used to
separate hexane from the hexane-lipid mixture and
the remaining algal lipids were measured
gravimetrically [15].
FATTY ACID COMPOSITION ANALYSIS
To determine the fatty acid compositions of
lipids obtained from the group with the most
efficient lipid rate, Perkin Elmer Clarus 500 gas
chromatograph (GC) was utilized; the Flame
Ionization Detector (FID) and a fused silica RTX2330 capillary column (30 m length, 0.25 mm i.d.,
 ȝP ILOP WKLFNQHVV  SXUFKDVHG IURP Restek
(Bellefonte, PA, USA) were used. Determination of
fatty acids of the samples was accoplished with the
mixture of 37 corresponding methyl esters
(FAMEs). A injection split 50/1 and a flow rate of
1.0 mL min-1 of helium as carrier gas were used.
Gas chromatography column was heated and when
WKH WHPSHUDWXUH UHDFKHG  &  ȝO RI WKH OLSLGV
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FIGURE 1
Daily biomass value of Dunaliella bardawil cultured in medium with and without nitrogen (a: Optical
density, b: dry weight, c: cell number).

Figure 2 displays the effect of the nitrogen
starvation on the lipid production rate in D.
bardawil.
At the end of the experiment dry weight of
algae grown in nutrient media was measured as
0.7842 ± 0.41 g L-1, and the lipid amount was
18.67±1.67 percent of dry weight. In nitrogen-free
nutrient media, dry weight was 0.3987 ± 0.15 g L-1,
while the lipid amount was 17.43 ± 0.80 percent of
dry weight (Table 1).

LIPID ACCUMULATION DURING
NITROGEN STARVATION
Lipid rates of microalgae are approximately 185% of their dry weight. That rate varies due to
various environmental factors [19, 20]. The most
effective factor on lipid rate among these factors is
nutrient starvation. Previous studies reported that
lipid accumulation in green algae increases
especially with induced nitrogen starvation stress
[21, 22].
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FIGURE 2
Lipid amount of Dunaliella bardawil cultured in medium with and without nitrogen.

TABLE 1
Statistical analysis of growth, biomass and lipid data of Dunaliella bardawil cultured in medium with and
without nitrogen (mean ± standard deviation)
Groups
Nitrogen
Nitrogen-free
3

Optical density
0.1137 ± 0.06
0.051 ± 0.013

Cell number (c.n.ml-1)
104488.9 ± 62949.95
42044.44 ± 13677.62

Dry weight (g L-1)
0.7842 ± 0.41
0.3987 ± 0.15

Lipid (% dw)
18.67 ± 1.67
17.43 ± 0.80

The data demonstrated that algae cultivated in
media containing nitrogen developed approximately
twice as much when compared with algae
cultivated in nitrogen-free media, however there
was no significant difference in lipid content.
Guevara et al. and Lombardi and Wangersky found
in their studies that nitrogen was effective on lipid
generation. However, in this study it has been
determined that nitrogen affected cellular growth
more than lipid production.

high light levels [23, 24]. In this study, it has also
been observed that in the high light density, the
algae increased their biomass more during the 15day culture period. While the biomass increase
continued in high light density, the biomass growth
of cultivated algae in the low light density has
stopped after 13th day (Figure 3).
When the findings of this study and literature
review are considered, it could be stated that high
light is important for Dunaliella.

LIGHT DEMAND OF D. BARDAWIL

LIPID ACCUMULATION UNDER
DIFFERENT LIGHT INTENSITIES

Algae are photosynthetic organisms and light
plays the key role for life and development of algae.
Two different light intensities were used in the
study conducted to determine the effects of light
intensity on D. bardawil VSHFLHV  ȝPRO SKRWRQ
m-2 sec-1 ORZOLJKW DQGȝPROSKRWRQP-2 sec-1
(high light). The data of nutrient starvation
experiment showed that nitrogen is an important
parameter on biomass increase. Therefore 0.7 M
nitrogen was applied in the light study (soil extract
is also added to nutrient medium). Salinity was
adjusted to 1 M as in the nitrogen experiment.
Previous studies demonstrated that low light was
not sufficient for growth of Dunaliella species and
higher light intensities provided better yields. Better
results were achieved especially in outdoors with

THE

There are not many studies in the literature on
the effect of light intensity on lipid production of D.
bardawil. Previous studies were concentrated on
outdoor cultures that there was no control on light
intensity. These studies showed that algal lipid
content changes from 45 to 55% of the total weight
[23, 25]. A few other studies on the effect of light
on Dunaliella reported that the lipid content varied
between 0.22 and 52.12 percent [26, 27, 28]. In a
study conducted by Weldy and Huesemann in 2007,
the algal lipid content was found 38% with high
light intensity when there was sufficient nitrogen in
the medium. Our findings showed that with
sufficient nitrogen concentration lipid content in
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low light was 18.5 ± 0.50% of the dry weight, while
it was 42 ± 2% under high light (Figure 4, Table 2).

FIGURE 3
Daily biomass increase of D. bardawil cultured under different light intensities (a: Optical density, b: dry
weight, c: cell number).

These findings are consistent with the findings
in studies by Weldy and Huesemann. Our findings
displayed that the light intensity factor was more

effective than the nitrogen starvation in the increase
of D. bardawil lipid production.
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FIGURE 4
Total lipid amount (% Dry weight) of Dunaliella bardawil cultured under different light intensities.

TABLE 2
Statistical analysis of growth, biomass and lipid data of Dunaliella bardawil cultured under different light
intensities (mean ± standard deviation).
Groups
Low light
High light
3

Optical density
0.09 ± 0.05
0.11 ± 0.07

Cell number (c.n.ml-1)
77111.11 ± 48987.68
101744.4 ± 58547.66

Dry weight (g. l-1)
0.48 ± 0.28
0.78 ± 0. 55

Lipid (% dw)
18.5 ± 0.50
42 ± 2

LIPID ACCUMULATION IN D. BARDAWIL
IN DIFFERENT NaCl CONCENTRATIONS

NaCl DEMAND OF D. BARDAWIL
The salinity study designed in the light of the
findings of nutrient starvation and light intensity
experiments, D. bardawil was inoculated in 6
different media with different salinities (0.65, 1.0,
1.5, 2.0, 2.75, 3.5 M) in a nitrogen concentration of
approximately 0.0073 M derived from 150 ml soil
H[WUDFWLRQDQG0QLWURJHQDQGXQGHUȝPRO
photon m-2 s-1 light intensity. Findings of the next
stage of the study conducted to scrutinize the effect
of NaCl concentration on the cellular growth
demonstrated that as salinity increased from 0.65 M
to 1.5 M, the cellular concentration increased as
well. These data showed that, 1.5 M salinity was
favorable to obtain high biomass growth in
Dunaliella bardawil, because the salinity tolerance
of Dunaliella species is comparatively high [29,
30]. However, when salinity increased any further,
biomass increase was significantly inhibited [31].
Thus, Dunaliella tolerated salinity up to1.5 M, but
it inhibited the algal growth after 1.5 M (Figure 5).

When lipid values are examined, it was
demonstrated that lipid production increased in
parallel to the salt concentration until 2.75 M
salinity. Salinity higher than 2.75 M inhibited both
cellular growth and lipid generation. Furthermore it
resulted in deterioration of cellular structure.
Takagi et al. (2005) reported that algal lipid content
increased with salinity, and the nitrogen
concentration did not have significant effect. While
the effects of nitrogen concentration on lipid
production in other algal species are significant, it
could be concluded that for Dunaliella species,
salinity is more effective when compared with the
effects of nitrogen (Table 3, Figure 6).
When the findings of the three studies
conducted are considered, it was observed that the
best lipid production capacity was in the nutrient
media with 0.7 M nitrate, 2.75 M salinity and under
 ȝPRO SKRWRQ P-2 s-1 light intensity. Fatty acid
composition of the algae obtained from this group
was determined with GC-FID (Table 4).
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FIGURE 5
Daily biomass increase of Dunaliella bardawil cultured in different salinity concentrations.

TABLE 3
Statistical analysis of growth, biomass and lipid data of Dunaliella bardawil cultured in different salinity
concentrations (mean ± standard deviation).
Groups
0.65 M NaCl
1 M NaCl
1.5 M NaCl
2 M NaCl
2.75 NaCl
3.5 NaCl
3 

Optical density
0.0761ab ± 0.036
0.0817ab ± 0.052
0.1042a ± 0.068
0.0728ab ± 0.033
0.0559b ± 0.017
0.0512b ± 0.016

Cell number (c.n.ml-1)
65777.78b ± 37175.83
68311.11a ± 48993.68
97755.56a ± 70675.03
59600.00b ± 32207.71
42488.89b ± 17122.56
35288.89b ± 12495.63

1445

Dry weight (g. l-1)
0.6471ab ± 0.3945
0.6542ab ± 0. 4785
0.9400a ±0.7027
0.5551bc ± 0.3294
0.3618bc ± 0.1300
0.3002c ± 0,090

Lipid (% dw)
7.33d ± 1.86
12.00c ± 0.50
18.50b ± 0.50
20.67b ± 1.53
39.67a ± 4.51
3.50e ± 0.50
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FIGURE 6
Total lipid amount (% dry weight) of Dunaliella bardawil cultured in different salinity concentrations.

TABLE 4
Fatty acid amount and composition measured with GC-FID of D. bardawil taken from the algae group
had the highest lipid amount.
Fatty acids
Linoleic (C18:2)
Linolenic (C18:3)
Myristic (C14:0)
Myristoleic (C14:1)
Palmitic (C16:0)
Palmitoleic (C16:1)
Total fatty acids
Extracted total lipids

Extracted amounts fatty acids (mg/g DW)
12.43
(12.45%)
31.16
(31.24%)
7.13
(7.21%)
5.95
(5.98%)
38.51
(38.72%)
4.20
(4.40%)
99.38
(100%)
100

The following conclusions were reached as a
result of this study. The first conclusion is that
nitrogen was significant in D. bardawil biomass
increase but it was not in lipid production; the
second is that high light intensity was effective both
on biomass and lipid production and the last one is
that the ideal salinity for lipid production was 2.75
M. In certain media used for the studies, biomass
increase was rapid, however lipid production did
not increase with biomass, and in some others, lipid
increased but biomass increase was not observed.
To obtain biodiesel from algae effectively, it is
required that both biomass growth and related lipid
production should be high. However, studies
demonstrated that lipid production is usually high
in media where the biomass increase is not rapid
[26, 31, 32]. This study aimed to investigate
optimum nutrient media parameters, in which both
biomass growth and lipid production were the most
efficient. Thus, the best result was obtained in 0.7
0QLWUDWH0VDOLQLW\DQGȝPROphoton m-2
s-1 light intensity.

CONCLUSION
Biomass production for D. bardawil was
realized easily and rapidly when the salinity was
under control. Furthermore, when it was cultivated
under suitable conditions, lipid production was
satisfactory for biodiesel production. Thus, it could
be stated that the algae is quite suitable for
biodiesel production. This study would contribute
to future biodiesel production using Dunaliella
since it had stipulated the most suitable conditions
for biomass and lipid generation in Dunaliella.
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species that live on a habitat associated with bark
surfaces of living tree [2]. There is no complete
explanation for this matter, however some
biotic/abiotic
factors,
including
relevant
temperature, light, moist or availibility of certain
bacteria, fungi etc. could be associated with this. In
forest ecosystems, there are several types of
microhabitats for myxomycetes [3]. They are
mainly cosmopolitan but some are reported to live
in tropics or subtropics while some others
distributed in temperate regions [4]. Currently,
division Myxomycota comprises 63 genera and 964
species [5]. Although species lists for particular
localities have been compiled by numerous workers
[6-10], relatively few biogeographical studies on
myxomycetes have been conducted [11-14].
Turkish myxobiota is still incomplete with 42
genera and 232 species identified [15]. Many of the
studies conducted in Turkey are limited to
taxonomic levels in particular to localities. There is
almost
no
information
regarding
the
biogeographical distribution study of Myxomycetes
in Turkey [16]. This study assesses the
Myxomycetes species collected from four different
habitats of Hatay province and determines the
similarities and differences in the distribution of
Myxomycetes among these habitats.

ABSTRACT
In this study, Myxomycetes were collected
from four different habitats of Hatay province of
Turkey during 2010-2015, including $OWÕQ|]
SODWHDX%HOHQ $WLNKLJKODQG.ÕUÕNKDQ $PLNSODLn
DQG<D\ODGD÷Õ6HOFHQMountain. From identificated
1047 samples, 102 species were classified in 6
orders, 12 families and 28 genera. 27 species were
obtained from natural environment while 114
species cultered by moist chamber technique. In
addition, 61 species was obtained from both natural
environment and moist chamber technique.
Physarales is the highest proportion order (29.4%),
followed by Trichiales (25.4%) and Stemonitales
(24.5%). The total myxomycetes ratio of these three
orders was determined as 79.4%. When samples
from four different habitats compared in terms of
substrate types, at three habitats, dominant species
is lignicol Myxomycetes (65-85%), while at one
habitat, corticol Myxomycetes (65%) is the
dominant type. Arcyria cinerea, Comatricha ellae,
Comatricha nigra, Echinostelium minutum and
Stemonitopsis amoena is the most generous species
at four areas.
Moreover, morphological,
chorological and ecological characteristics of
Myxomycetes were discussed.

Description of the study area: Hatay is
located in the Mediterranean basin in eastern
Turkey; to its east and south is Syria, to its west is
the Mediterranean Sea, to its northwest is Adana, to
its north is Osmaniye, and to its northwest is
*D]LDQWHS 7KH $OWÕQ|] SODWHDX ƍƎ1±
36ƍƎ(  %HOHQ $WLN HighODQG ƍƎ1±
ƍƎ(  .ÕUÕNKDQ $PLN SODLQ ƍƎ1±
ƍƎ( DQG<D\ODGD÷Õ6HOFHQ0RXQWDLQ were
the four different areas surveyed in this study
(Figure).

KEYWORDS:
Biogeography, Myxomycetes, Taxonomy, Hatay

INTRODUCTION
Myxomycetes are phagotrophic organisms
mainly present in damp decaying plant matters and
on soil. They show diverse ecological requirements.
They mostly sporulate at certain periods of the year
and some myxomycete species are related with
certain substrates [1]. One relatively distinct
ecological assemblage of myxomycetes consists of
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FIGURE
Map of study area.
7KH$OWÕQ|]SODWHDXLVORFDWHGLQWKHVRXWKRI
+DWD\DQGFRYHUVNPð7KH$OWÕQ|]SODWHDXLV
surrounded by Antakya to its north, by <D\ODGD÷ÕWR
its west, and by Syria to its south and east. The
average annual temperature LV & LQ $OWÕQ|]
and the total average annual precipitation is 793
mm. Minimal precipitation occurs in July and
August. The dominant vegetation consists of
species such as Quercus coccifera L., Laurus
nobilis L., Nerium oleander L., Olea europea L.,
Ceratonia siliqua L., Rhus coriaria L., Pistacia
terebinthus L., Styrax officinalis L., Spartium
junceum L., and Myrtus communis L.
The Belen Atik Highland is a residential area
in the middle of the Amanos Mountains with an
elevation of 914 m. The Belen Atik Highland is
VXUURXQGHGE\+DVVDWRLWVQRUWKE\.ÕUÕNKDQWRLWV
northeast, by Antakya to its south, by Arsuz to its
VRXWKZHVWDQGE\øVNHQGHUXQWRLWVQRUWKZHVW7KH
ĂǀĞƌĂŐĞ ƉƌĞĐŝƉŝƚĂƚŝŽŶ ŝƐ ϲϵϯ ŵŵ ƚŚƌŽƵŐŚŽƵƚ ƚŚĞ
ǇĞĂƌ͘ The average temperature is around 16.8°C. At
different altitudes of the study area Pinus brutia
Ten., Cedrus sp., Platanus sp., Pinus nigra
J.F.Arnold, Quercus sp., and Juniperus sp.
comprise 90.3% of the vegetation.
7KH .ÕUÕNKDQ $PLN SODLQ LV ERUGHUHG WR LWV
east by Syria, to its west by Belen, to its north by
.ÕUÕNKDQ DQG +DVVD DQG WR LWV VRXWK E\ $QWDN\D
The average temperature is around 19.3°C and the
average precipitation is 557 mm throughout the
year. Average rainfall is highest in January. The
vegetation in forested areas usually consists of

Pinus brutia Ten., Pinus nigra J.F. Arnold, Quercus
L., and Olea europea L. The whole plain is covered
with agricultural crops, particularly marsh areas
reeds and various other marsh plants.
7XUNH\ V VRXWKHUQPRVW SRLQW <D\ODGD÷Õ
Selcen Mountain is bordered to its north by
Antakya, to its east and south by Syria, to its
QRUWKZHVW E\ 6DPDQGD÷ DQG WR LWV QRUWKHDVW E\
$OWÕQ|] 7KH DYHUDJH WHPperature is 15.1°C, and
the total average precipitation is 1211 mm. The
months with the least precipitation are July and
August. The most common plants of Selcen
Mountain are tough plants with leathery leaves and
high temperature requirements, and drought
resistant Pinus brutia Ten. and other forest and
scrub plants [17].

MATERIALS AND METHODS
Myxomycetes samples were collected during
 WR  IURP $OWÕQ|] SODWHDX Belen Atik
highland .ÕUÕNKDQ $PLN SODLQ DQG <D\ODGD÷Õ
Selcen Mountain. In all seasons of these years,
excursions were arranged to these sites. Bark, wood
and debris were obtained from 77 different sites
across different types of habitats. Mature
fructifications were collected from substratum and
stored in herbarium boxes. In addition, some
Myxomycetes fructifications were obtained from
moist chamber culture. Additional materials such as
barks, woods, leaves, debris, and other plants
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to 1.0 (all species present in both communities). In
addition, using the data sets of four study areas
average number of speices per genus (S/G) was
calculated.

materials as well as animal dungs without
fructifications were collected from different sites
and moistened with disttilled water in petri dishes.
Moist chamber cultures were investigated regularly
under dissecting microscope. The developed
Myxomycetes in cultures was left to dry steadily for
one week. Then, same cultures were moistened
again for another four-week period and investigated
as earlier specified. Microscopic and macroscopic
characteristics of samples were analyzed in
laboratory. Morphological features such as size,
shape and color of fruiting body, size of spore and
ornamentation, capillitium color and branching,
stalk color and proportion, and lime crystallization
and morphology. Myxomycetes samples have been
identified according to relevant references [1,4,1822]. Samples were prepared as fungarium material
and preserved in the laboratory of Biology
Department of Mustafa Kemal University.
Abundance indices in this study were applied to all
species collected from a spesific investigation area.
These indices indicate; Rare (for species < 0.5% of
total number collections), Occasional (for species >
0.5% but < 1.5% of total), Common (for species >
1.5% but < 3.0% of total), and Abundant (for
species > 3.0% of total) [23].These indices are signs
of the relative abundances of diverse species found
in a particular study area. Data sets of four different
habitats in Hatay, Turkey were compared using a
coefficient of community index [24]. This index,
based on the presence or absence of species, is
Coefficient of community (CC) = 2c/(a + b). In this
formula, a is the total number of species in the first
community; b is the total number of species in the
second community; and c is the number of species
common to both communities. CC value ranges
from 0 (no species available in both communities)

RESULTS
In this study, 102 species belonging to 28
genera were identified from 1047 Myxomycetes
samples collected as fructifications from field and
cultured via moist chamber technique. In total, 27
samples were collected from nature as
fructifications only, and 114 samples were obtained
via the moist chamber technique in the laboratory.
Additionally, 61 samples were both collected from
nature as fructifications and obtained by moist
chamber technique.
From Belen Atik highland, 5 species were
collected from nature, 18 species were obtained by
moist chamber technique, and 12 species were
REWDLQHG YLD ERWK PHWKRGV )URP .ÕUÕNKDQ $PLN
plain, 6 species were collected from nature, 26
species were obtained by the moist chamber
technique, and 11 species were obtained via both
PHWKRGV )URP $OWÕQ|] SODWHDX  VSHFLHV ZHUH
collected from nature, 45 species were obtained by
the moist chamber technique, and 21 species were
REWDLQHGYLDERWKPHWKRGV)URP<D\ODGD÷Õ6HOFHQ
Mountain, 10 species were collected from nature,
25 species were obtained by the moist chamber
technique, and 17 species were obtained via both
methods. A summary of the Myxomycetes
collection data are given in Tables 1, 2 and 3.

TABLE 1
Summary data on myxomycete collections from four study areas.
Parameters

Belen Atik
Highland

.ÕUÕNKDQ
Amik Plain

$OWÕQ|]
Plateau

<D\ODGD÷Õ6HOFHQ
Mountain

Total

Total Number of collections

288

135

348

276

1047

No. of genera

17

20

23

19

28

No. of species

35

43

72

52

102

Species/Genus ratio (S/G)

2.05

2.15

3.13

2.73

3.64
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TABLE 2
Occurrence of myxomycetes in four study areas. A: Abundant, C: Common, O: Occasional, R: Rare.
Belen Atik
Highland
R

.ÕUÕNKDQ
Amik Plain

$OWÕQ|]
Plateau
O

<D\ODGD÷Õ6HOFHQ
Mountain
R

No

Species

1

Ceratiomyxa fructiculosa

2

Clastoderma debaryanum

3

Echinostelium minutum

4

Licea biforis

5

L. castanea

O

O

O

A

6

L. kleistobolus

O

O

R

O

7

L. minima

O

O

O

C

8

L. pedicellata

O

O

9

Cribraria argillacea

10

C. cancellata

11

C. elegans

12

C. intricata

13

C. macrocarpa

14

C. microcarpa

15

C. minutissima

C

16

C. piriformis

R

17

C. violacea

18

C. vulgaris

19

Lycogala epidendrum

20

Reticularia lycoperdon

R

21

Arcyria affinis

R

22

A. cinerea

23

A. denudata

24

A. ferruginea

25

A. globosa

O

O

O

26

A. incarnata

A

O

O

27

A. minuta

R

A

O

28

A. obvelata

O

29

A. pomiformis

A

30

A. stipata

R

31

A. versicolor

R

32

Dictydiaethalium plumbeum

33

Perichaena corticalis

R
A

O

A

A

R

R
O

O

O

O

O
O

O
O
R

A

A

O
C
O

A

A

R

R

A

A

O

O
C

A

O
O

O

O

O
O
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34

P. depressa

O

35

P. vermicularis

36

Oligonema schweinitzii

37

Hemitrichia abietina

38

H. clavata

R

39

H. pardina

O

40

Trichia botrytis

41

T. contorta

42

T. decipiens

43

T. erectra

R

44

T. lutescens

O

45

T. munda

46

T. varia

O

47

T. verrucosa

O

48

Diderma carneum

49

D. hemisphaericum

50

D. radiatum

51

Didymium anellus

52

D. bahiense

A

R

53

D. difforme

O

A

54

D. dubium

55

D. megalosporum

56

D. melanospermum

57

D. squamulosum

58

D. trachysporum

59

Badhamia dubia

60

B. foliicola

61

B. macrocarpa

62

B. panicea

63

Craterium leucocephalum

O

64

Leocarpus fragilis

O

65

Physarum album

66

P. cinereum

A

67

P. compressum

O

68

P. confertum

R

69

P. contextum

70

P. flavicomum

O

O
R
R

A
O
O

O

O

O

R

O

R

O
O

R

O

O
C
O

A
R

O

O

O
R

A

O
O
R

R

O
R

R

O

O

O

O

R

A

O

O

O

O
R
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71

P. javanicum

R

72

P. leucopheum

73

P. licheniforme

74

P. notabile

75

P. oblatum

76

P. robustum

77

P. viride

78

Collaria lurida

O

O

O

C

79

Comatricha ellae

A

A

A

A

80

C. elegans

81

C. laxa

82

C. nigra

83

C. pulchella

84

Enerthenema papillatum

O

85

Macbrideola cornea

R

O

86

M. decapillata

R

O

87

Lamproderma arcyrioides

O

88

L. laxum

89

L. scintillans

90

Paradiacheopsis rigida

91

Stemonitis axifera

92

S. flavogenita

93

S. foliicola

94

S. fusca

95

S. herbatica

96

S. splendens

97

Stemonitopsis amoena

A

98

S. hyperopta

O

99

S. reticulata

O

100

S. subcaespitosa

O

101

S. typhina

102

Symphytocarpus trechisporus

O

O
O

O

R

R

O

R

R

O
R

O

A

O

O

A

A

O
O

O

A
R

O

O

C

R
O

O
R
R

C
A

R
R

A

A

O
R

R
A

O

O

O

A
O

O
O

R

R
R
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TABLE 3
Relative abundance (%) of collections within six major taxonomic groups for each study area
Order
Ceratiomyxales

Belen Atik
Highland
2.6

.ÕUÕNKDQ$PLN
Plain
0

$OWÕQ|]3ODWHDX

<D\ODGD÷Õ6HOFHQ0RXQWDLQ

1.3

1.8

Echinosteliales

2.6

2.2

2.6

1.8

Liceales

13.2

17.4

15.6

22.8

Physarales

26.3

37.0

32.5

14.0

Stemonitales

31.6

26.1

23.4

31.6

Trichiales

23.7

17.4

24.7

28.1

Total

100

100

100

100

cool-dry season [27]. Distribution of six taxonomic
orders from the seven different study are at Table 4.
The coefficient of community indices were
calculated for four habitats with all potential
FRPELQDWLRQV 7DEOH   <D\ODGD÷Õ KDG WKH ORZHVW
resemblance (mean index: 0.393) to the other
regions. In contrast, the index values of other
regions indicated substantial resemblance as the
indices range among other regions was between
0.537 and 0.595. The Myxomycetes community
SUHVHQWLQ<D\ODGD÷ÕUHJLRQLVFOHDUO\GLIIHUHQWLated
from the community in the other study areas; this
difference is probably derived from disparities in its
elevation, vegetation, and seasonal precipitation.
The mean number of species per genus (S/G)
calculated for each study area ranged from 2.05 to
3.13 (Table 1). The richest Myxomycetes
biodiversity was found in the Belen Atik Highland,
likely owing to its different biogeographic
structure, wealth of herbaceous and woody plants,
and ecological diversity. Owing to its warmer
FOLPDWH.ÕUÕNKDQ $PLN3Oain contains plain plants
with different floristic structures that do not occur
in other habitats promoting rich Myxomycetes
biodiversity. In this study, the maximum number of
VSHFLHVRFFXUUHGLQWKH$OWÕQ|]SODWHDX'XHWRLWV
very distinct geographic structure, vegetation, and
FOLPDWLF IHDWXUHV $OWÕQ|] SODWHDX KDV D ULFK
Myxomycota biodiversity, but the biodiversity of
Myxomycetes specifically is poor in this habitat.
<D\ODGD÷Õ 6HOFHQ 0RXQWDLQ PRVWO\ FRQWDLQHG
cosmopolitan species. This habitat primarily
consists of conifer forest, and its diversity is close
to the average of Hatay. The Myxomycetes
biodiversity of all Hatay is 3.64. This value is
striking when compared with other studies. For
example, one North American study observed that
S/G ratios in Mountain Lake is 3.65 and in Cheat
Mountain is 2.24. Another study observed S/G
UDWLRV LQ QRUWKZHVWHUQ ,QGLD DQG VRXWKHUQ ,QGÕD RI
3.04 and 4.13, respectively. Therefore, a low S/G
value indicates higher overall diversity.

DISCUSSION
Biogeographical
relationships
of
myxomycetes in study areas: From all four study
areas, the samples collected most commonly
belonged to the Liceales, Physarales, Stemonitales,
and Trichiales; however, to some extent, these four
orders were represented differently across the study
areas. For example, all four orders are almost
equally represented in the collections from
.ÕUÕNKDQ EXW /LFHDOHV VDPSOHV DUH FRPSDUDWLYHO\
less abundant, and Physarales, Stemonitales, and
Trichiales samples were more abundant in Belen
DQG$OWÕQ|])URP<D\ODGD÷Õ3K\VDUDOHVVDPSOHV
were less abundant and the other three orders are
more abundant. The factors that most differentiate
these three study areas that all receive similar
amounts of precipitation and temperature, and have
similar HOHYDWLRQ 7KH WHPSHUDWXUH DW $OWÕQ|] DQG
Belen is low in all seasons throughout the year;
these two regions are at higher elevation than other
UHJLRQV .ÕUÕNKDQ LV KRWWHU DQG UHFHLYHV OHVV
precipitation than other regions; this may cause
fewer differences
among the abundance
distributions of four orders.
The distribution of species of myxomycete
among the six taxonomic orders traditionally
recognized for these organisms is not the same for
all types of ecosystems [23]. A number of studies
have also reported that Physarales members
predominate in tropical/subtropical regions [25].
For example, Physarales represented 55% of
myxomycetes species from tropical dry forest, 45%
from tropical rainforest, 76% from tropical wet
forest and 77% from cloud forest in a major study
carried out in Costa Rica [26].
Some members of order Stemonitales were
encountered only during the warm-wet season,
whereas members of order Physarales appear to be
better adapted to tolerate the dry conditions of the
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TABLE 4
Distribution (% of total) among six taxonomic orders recorded from 7 different study [23, 25, 33-35].

Order
Ceratiomyxales
Echinosteliales

Our
study
1.4

Vietnam

Laos

Myanmar

Thailand

Eastern
North
America
Cheat
Mountain

1.8

2.3

1.5

0.7

1.9

1.1

3.5

2.3

4.5

1.5

2.5

0.2

7.0

6.8

19.4

13.7

32.4

1.1

49.1

54.5

31.3

48.1

14.3

63.0

15.8

20.5

17.9

19.1

25.6

15.6

22.8

13.6

25.4

16.8

23.4

19.0

2.3
17.2

Liceales
Physarales
Stemonitales
Trichiales

27.5
28.2
23.5

Southern
India

and other plant remnants. Like fungi and animals,
the primary substrata of myxomycetes are the bark
of living trees, coarse woody debris, ground and
aerial litters, lianas, bryophytes, soil, dung and
inflorescences. Organisms such as fungi, bacteria
and protozoa, which are present on the substrata
have more importance than the substrata itself, in
determining the diversity and distribution of
myxomycetes [28].

Substrate relationship: The plasmodium of
myxomycetes has an ability to migrate some
distance on the substrate when it finds proper
conditions, however, the main factor is the substrate
itself. Nevertheless, field investigations and
collection by numerous runnings show that some
fruiting bodies of spesific myxomycetes species are
correlated with particular types of substrates [23].
Some species are mainly found on bark or woods,
while some others are present on the dead leaves

TABLE 5
Comparison of myxomycetes collected from four study areas.
$OWÕQ|]3ODWHDX

<D\ODGD÷Õ6HOFHQ0RXQWDLQ

***

.ÕUÕNKDQ$PLN
Plain
0.595

0.557

0.442

.ÕUÕNKDQ

25

***

0.537

0.408

$OWÕQ|]

32

33

***

0.328

<D\ODGD÷Õ

21

21

22

***

Stations

Belen Atik Highland

Belen

TABLE 6
Relative abundance (%) of collection on different types of substrates for each study area.

23.61

.ÕUÕNKDQ$PLN
Plain
23.70

$OWÕQ|]
Plateau
60.63

<D\ODGD÷Õ6HOFHQ
Mountain
6.88

Lignicolous myxomycetes

65.97

66.67

27.01

85.51

Fimicolous myxomycetes

0.00

0.00

0.29

0.00

Foliicolous myxomycetes

7.64

7.41

4.89

5.43

Succulenticolous myxomycetes

1.04

0.74

0.29

0.36

Nivicolous myxomycetes

1.74

1.48

6.90

1.81

Substrates
Corticolous myxomycetes

Belen Atik
Highland
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arcyrioides, Licea castanea, L. kleistobolus, L.
minima, Physarum album, Stemonitis fusca,
Stemonitopsis amoena, and Trichia munda. All of
these species are generally considered to be among
the most common and widely distributed
Myxomycetes [1, 11, 14, 23, 25, 32]. Arcyria
cinerea, Comatricha ellae, and C. nigra were
recorded as abundant in all habitats.
45 species were only recorded from one study
area; this figure represents 44.1% of the present
study. The vast majority (93%) of species present in
only a single study area were recorded as either rare
or occasional, and thus they were represented by
relatively few collections. However, 21 species
were common or abundant in one study area in
which they occurred.
Because of their small size, fruiting bodies of
some species are virtually impossible to detect in
the field. In the present study, all of the collections
of some species, such as Clastoderma debaryanum,
Echinostelium minutum, and Licea kleistobolus,
were associated with collections of other species,
and their presence was noticed only when the latter
were examined under magnification in the
laboratory.
When compared to other organisms,
Myxomycetes demonstrate very little endemism.
For example, a large proportion of species listed in
Table 2 were reported in widely separated areas of
the world. However, there appear to be some
exceptions. Since Myxomycetes taxonomists are
not always in complete agreement as to what
constitutes a 'good' species some of the taxonomic
entities recognized as distinct species by workers in
one part of the world may not be accorded the same
status by workers everywhere else. Moreover, the
mycofloras for many areas of the world are not yet
sufficiently documented to make a complete and
accurate assessment of endemism. We do not know
which ecological factors determine the distribution
of Myxomycetes species. The biotic and abiotic
factors effected to the distribution of Myxomycetes
show similarity to fungi. Therefore we culture
myxomycetes in moist chamber, or collect near
fungi species in similar environmental conditions.

However, reasons for substrate specificity are
not known yet [28, 29] but may very well involve
in interaction of a number of physical and biotic
factors [11]. In an effort to analyse the substrate
relationships for the species found in each of four
habitats, all collections occurring on a particular
substrate type were tallied. Except a few species
IURP $OWÕQ|] UHJLRQ, all the sample were
developed on dead wood, litter, dead bark, fallen
leaves, dead log and living substrat. The collection
were found in this paper were developed both in
nature (Table 6).
The Myxomycetes collected from Belen,
.ÕUÕNKDQ DQG <D\ODGD÷Õ DSSHDU OLJQLFRORXV 7KH
SHUFHQWDJHRIOLJQLFRORXV0\[RP\FHWHVLQ$OWÕQ|]
was 27.01. The differences observed between
$OWÕQ|]DQGRWKHUWKUHHUHJLRQVRULJLQDWHfrom the
vegetation of the study areas. The vegetation in
%HOHQ DQG <D\ODGD÷Õ ZDV FRQVLVWHQW ZLWK DQ
evergreen forest. However, the great majority of
YHJHWDWLRQ LQ $OWÕQ|] FRQVLVWV RI PDFTXLV JURYHV
and shrubbery. The data demonstrated that
Myxomycetes species found in forests and in other
vegetations exhibit quite different distributions with
respect to substract types.
Distribution patterns of individual species:
Arcyria, Comatricha, Cribraria, Didymium,
Physarum, and Trichia were represented by
comparable numbers of species in all four study
areas, therefore, this may be regarded as truly
cosmopolitan genera. Ceratiomyxa, Clastoderma,
Collaria,
Craterium,
Dictydiaethalium,
Echinostelium, Enerthenema, Leocarpus, Lycogala,
Oligonema, Paradiacheopsis, Reticularia, and
Symphytocarpus is the rarest species. In our country
and all over the world, this situation is similar to
our study [2, 6, 9, 13, 16, 27, 30, 31] The
distribution of species and collections among
different genera represented in each of the study
areas is summarized in Table 7.
Seventeen species were recorded from all four
study areas: Arcyria cinerea, A. pomiformis, A.
incarnata, Collaria lurida, Comatricha ellae, C.
nigra,
Cribraria
cancellata,
Enerthenema
papillatum, Echinostelium minutum, Lamproderma
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TABLE 7
Distribution of species and collections (number in parentheses) among the various genera represented in
each study area.

Ceratiomyxa

Number
of species
1

Belen Atik
Highland
1 (1)

.ÕUÕNKDQ$PLN
Plain
-

$OWÕQ|]
Plateau
1 (2)

<D\ODGD÷Õ6HOFHQ
Mountain
1 (1)

Clastoderma

1

-

-

1 (1)

-

Echinostelium

1

1 (25)

1 (2)

1 (17)

1 (18)

Licea

5

3 (13)

4 (4)

5 (8)

3 (17)

Cribraria

10

2 (17)

2 (2)

5 (17)

7 (34)

Lycogala

1

-

1 (1)

1 (1)

1 (1)

Reticularia

1

-

-

-

1 (1)

Arcyria

11

6 (111)

5 (25)

7 (52)

8 (64)

Dictydiaethalium

1

-

1 (1)

1 (7)

-

Perichaena

3

-

1 (1)

3 (20)

-

Genus

Oligonema

1

-

-

1 (1)

-

Hemitrichia

3

-

-

2 (3)

1 (1)

Trichia

8

2 (6)

2 (2)

4 (8)

6 (22)

Diderma

3

1 (1)

1 (1)

1 (1)

2 (9)

Didymium

8

2 (2)

5 (24)

7 (59)

1 (2)

Badhamia

4

2 (2)

2 (3)

4 (9)

-

Craterium

1

-

1 (1)

-

-

Leocarpus

1

-

1 (1)

-

-

Physarum

13

3 (7)

6 (18)

11 (32)

2 (3)

Collaria

1

1 (7)

1 (1)

1 (6)

1 (6)

Comatricha

5

2 (56)

4 (29)

3 (42)

4 (48)

Enerthenema

1

1 (8)

1 (1)

1 (7)

1 (5)

Macbrideola

2

2 (2)

-

2 (8)

-

Lamproderma

3

1 (4)

1 (1)

2 (8)

2 (3)

Paradiacheopsis

1

-

-

-

1 (1)

Stemonitis

6

1 (1)

1 (7)

4 (23)

4 (22)

Stemonitopsis

5

4 (22)

2 (8)

4 (13)

4 (17)

Symphytocarpus

1

-

-

-

1 (1)

Total

102

35 (288)

43 (135)

72 (348)

52 (276)
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chemical pollutant or of a complex mixture of
toxicants [4; 5]. Biological monitoring may be
based on the measurement of changes in
biomarkers, and they include end points at
molecular, tissue, whole-organism, and population
levels [4; 6].
Several benthic species (such as annelids,
mollusks, and echinoderms) are biological models
useful to research in ecotoxicology. Bivalve
molluscs are highly influenced by their surrounding
environment and therefore used as bioindicators in
ecotoxicological studies [7; 8]. Their sedentary
nature and filter-feeding behavior leads to
accumulate toxic substances. Bivalves are also
highly susceptible to climate changes, pollutants
and pathogens. One of the bivalve mollusks,
mussels (Mytilus sp.) have been widely used in
biomonitoring programs and have been shown to be
one of the most successful model organisms for
time-integrated responses to complex mixtures of
pollutants [9; 10; 11; 12; 13; 14; 15; 16; 17].
The digestive gland of mussels is often used in
toxicology because of the main site of
biotransformation activities [18; 19; 20].
Histological examination of the digestive cells of
samples from polluted locations has revealed the
presence of structural abnormalities [21]. In
addition to this gill tissues are attractive models in
ecotoxicological studies, because of the first uptake
site for many toxicants in the aquatic environment.
Gill filaments with their large surface area are the
main interface between the organism and its
environment. They are thus continuously affected
by exposure to pollutants [22; 23]. The histological
changes in this tissue are a response to exposure to
non-specific contaminants [4]. The gill filaments
morphology has been extensively used as an
indicator of aquatic pollution [24].
Izmir Bay is one of the great natural bays of
the Mediterranean. The main conurbation around
the Bay is the Izmir Metropolitan Municipality,
covering 88,000 ha and having a population of
nearly 3 million inhabitants. The Bay is divided
into three zones: inner, middle, and outer bays
according to the topographical, hydrological, and

ABSTRACT
In the present study, the histological
examination of the hepatopancreas (digestive
gland) and gills of black mussels, Mytilus
galloprovincialis was performed as a part of the
biomonitoring programs carried out to assess the
biological effects of the øzmir Bay (Western coast
of Turkey). Mussels collected from five stations;
8UODLQWKHRXWHU%D\DQG,QFLUDOWÕ*|]WHSH.RQDN
Pasaport in the inner Bay of Izmir Bay. While
normal histology on hepatopancreas tissue was
observed in Urla samples, vacuolar degenerations
and hemocytic infiltrations were abundant in
hepatopancreas throughout the other four stations.
Also breakdown of digestive epithelium was
determined in only Pasaport station. In gill tissues,
while hemocytic infiltration was observed in Urla
samples, gradually increasing cilia erosion, fusion,
cell loss and necrosis was observed in øQFLUDOWÕ
Göztepe, Konak, Pasaport samples. Lumen was
determined as normal in Urla and Göztepe samples
and enlarged in øQFLUDOWÕ VDPSOHV 7KH OXPHQ LQ
each filament was thinner and in some parts
adjoined to each other and in Konak and Pasaport
samples. Also the gills abfrontal tissue integrity was
disturbed in these two stations.
KEYWORDS:
M.galloprovincialis;
hepatopancreas

pollution;

histology;

gill;

INTRODUCTION
The presence of the pollutants in marine
environments is a concern for organismV¶ health
and it can result in the accumulation of toxicants in
organisms and food webs [1; 2]. Toxicants in
marine environments are assessed by chemical
monitoring
including
biomonitoring
[3].
Biomonitoring employed to evaluate ecosystem
health and organism responses to the presence of
toxicants. Also, it helps to estimate the actual
bioavailability and toxic effects of a single
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ecological features of the Bay. Inner Bay, which is
intensely industrialized (mainly iron, paper,
antifouling paints, chlorine-alkali plants, cement
factories, beer industries and a busy harbor)
compared to the middle and outer parts of the Bay.
The main sources of pollution are streams and
hundreds of small domestic discharge outlets which
flow into the bay [25]. The aim of this study, which
was part of an integrated environmental evaluation
of the Izmir Bay, to perform histological
examination of several organs such as gills and
hepatopancreas of mussel from Izmir Bay in order
to reveal possible relationships between
environmental pollution.

RESULTS
Histological results of hepatopancreatic tissue
are shown as Figure 2. All tubules, epithelial tubule
cells and stromal connective tissue histology were
determined as normal and well organized in Urla
station. Few vacuolar degeneration and minimal
haemocytic infiltration was observed in tubular
HSLWKHOLDO FHOOV LQ ,QFLUDOWÕ VWDWLRQ $OWKRXJK WKH
integrity of the digestive tubules was preserved in
Göztepe station, vacuolar degeneration and cell
losses due to necrosis was observed. Haemocytic
infiltration was observed in vesicular connective
tissue. The histopathology observed in Konak
station was more severe than the Göztepe station
but the integrity of the tissue was still preserved. In
Pasaport station histopathology was the most severe
of all station and unlike of all stations the tissue
integrity was not preserved.
Histological results of gills tissue are shown as
Figure 3. Generally tissue integrity was preserved
in Urla station. Frontal, abfrontal and lateral zone of
gill filaments histology was normal. Besides
minimal cilia erosion, fusion, cell loss was
REVHUYHG ,Q øQFLUDOWÕ VWDWLRQ FLOLDO HURVLRQ
degeneration in endothelial cells, cell loss and
necrosis was observed. Additionally enlargement
was observed in the vessel lumen. The
histopathology of gills in Göztepe station like cell
loss, necrosis, and degeneration of endothelium
FHOOVZDVPRUHVHYHUHWKDQWKH,QFLUDOWÕVWDWLRQ%XW
XQOLNH ,QFLUDOWÕ YHVVHO OXPHQ ZDV QRUPDO 7KH
histopathology of gills was more severe in Konak
station compared to the other two stations. The
tissue integrity was not preserved in the abfrontal
zone and the vessel lumen became thinner and in
some parts adjoined to each other. The
histopathology of gills in Pasaport station was the
most severe of all stations.

MATERIALS AND METHODS
Specimen Sampling. Mussels (58.9±0.17 mm
in length), Mytilus galloprovincialis, were hand
collected from 0.5 to 1 m depth in five stations,
*|]WHSH .RQDN øQFLUDOWÕ 3DVDSRUW  ,QQHU %D\ 
and Urla (Outer Bay), along the Izmir Bay of
Turkey between January 2013 and March 2013
(Figure 1). They transported in cold and air
exposed, to our laboratories. Sampling was carried
out at all sites simultaneously. About 15 individuals
from each site were transported to the laboratory in
cages with native water and treated within a day
after sampling. For histological analyses, 15
digestive gland and gill samples were prepared
individually.
Histological Analysis. For light microscopic
examination, hepatopancreas and gills tissue
specimens were removed and fixed by 10%
formalin solution buffered with sodium phosphate
(Merck KgaA, Darmstadt, Germany) for 24 h, at
4°C and washed off with Phosphate Buffer Saline
(PBS, pH 7,4). After dehydration, tissues were
processed for embedding in paraffin wax using
routine protocols. After routine processing, paraffin
sections of each tissue were cut into 5 μm thickness
and stained with Hematoxylene and Eosin (H&E,
Merck KGaA, Darmstadt, Germany) and examined
under the light microscope.

FIGURE 1
The Izmir Bay of Turkey and localization of the
sites where M. galloprovincialis were collected.
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FIGURE 2
Hepatopancreas Tissues: Urla Station (A- B). All
tubules (dt), epitelial tubule cells (ec) and
VWURPDO FRQQHFWLYH WLVVXH FW  øQFLUDOWÕ 6WDWLRQ
(C- D). Vacuolar dejeneration(*) and hemocytic
infiltration (hi) in tubular epithelial cells.
Göztepe Station (E- F).Vacuolar dejeneration(*)
Hemocytic infiltration (hi) in vesicular
connective tissue. Konak station (G- H).
Vacuolar dejeneration(*) was higher than the
Göztepe region.
Pasaport Station (I- J).
vacuolar dejeneration (*) Hemocytic infiltration
(hi) in vesicular connective tissue (ct). H&E ; A,
C, E, G, I x20; B, D, F, H, J x40 Magnification

FIGURE 3
Gill tissues : Urla Station(A- B). Minimal
frontal (fs), lateral (ls), abfrontal cilia loss (Afs)
DQG JLOO HSLWKHOLDO JH  FHOO ORVV   øQFLUDOWÕ
Station (C- D).Cilia loss in (fs), (ls), (Afs),
dejeneration, cell loss and necrose (*), lumen
enlargement (v) Göztepe Station (E- F). Cilia
loss and fusion in (fs), (ls), (Afs), dejeneration,
cell loss and necrose (*), normal lumen (v).
Konak station (G- H). Cilia loss and fusion in
(fs), (ls), (Afs), dejeneration, cell loss and necrose
(*), abnormal lumen (v) Pasaport Station (I- J).
Cilia loss and fusion in (fs), (ls), (Afs),
dejeneration, cell loss and necrose (*), abnormal
lumen (v) H&E; A, C, E, G, I x40; B, D, F, H, J
x100 Magnification

DISCUSSION

concerning changes in the cellular structures of an
organ or tissue much earlier than the external
manifestations [4; 26; 27]. In the present
investigation, we have observed severe pathological
changes in the hepatopancreas and gill tissue of

M. galloprovincialis is known as an indicator
species in the polluted areas. Histopathology results
of this organisms provide valuable information
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[37] Haemocytic infiltration is generally considered
to be noteworthy as one of the responses to various
stressful environments. The gill tissue consists of
various columnar epithelial, squamous endothelial
and mucous cells and deal with gas exchange,
excretion, osmoregulation, and transport of food
material, formation of a protective coat and
lubrication of the surface of the epithelium [38; 39;
40]. Gill filaments can be divided into frontal zone,
intermediate zone and abfrontal zone [38; 41]. The
transport and uptake of the nutrients and the
contaminants take place in frontal zone. In our
study, cilial erosion, degeneration in endothelial
cells, cell loss and necrosis and enlargement in the
vessel lumen was observed in the gill samples. The
tissue integrity was not preserved in the abfrontal
zone and the vessel lumen became thinner and in
some parts adjoined to each other. The
histopathology of gills in Pasaport station was the
most severe of all stations, this result was parallel
with the study done on micronucleus test on aquatic
animals by [42] since the Pasaport is the nearest
station to the dockyard. Similarly our results, it was
found that heavy metals affected the gross
morphology of the gill and digestive gland of M.
galloprovincialis and resulted in the fusion of
residual bodies in the digestive cells, fusion of the
gill filaments in the gills increased vacuolization in
Mytilus edulis which exposed to heavy metals [23;
43; 44] observed increased vacuolization in Mytilus
edulis which exposed to heavy metals. Also, M.
edulis gill tissues exposed to pesticide, Lindane
showed moderate vacuolization, cilia loss,
conjunctive alteration besides atrazine showed
moderate cilia loss, infiltration, dilation of
hemolymphatic space, and increase in mucocytes.
[45]
Cilia loss, cell loss, degeneration in
endothelial cells, necrosis, lumen thinning and
adjoined lumen were the findings in gill tissues and
haemocytic
infiltration,
necrosis,
vacuolar
degeneration and cell loss were the findings in
hepatopancreas indicates the pollution in the inner
bay (Göztepe, Konak, Pasaport). OCPs and PCBs
were present in noticeably higher concentrations at
Izmir Inner Bay than the other sites. [46] Also outer
and middle bays show low levels of heavy metal
enrichments than the inner bay [4; 6]. It is
concluded that though this type of histopathological
analysis requires sacrificing of the target animal, is
time consuming, and requires great expertise in
tissue sectioning and interpretation, Standard
histology provides useful and reliable information
on the health of mussels. Also this study on Mussel
histopathology can be considered as groundwork in
ø]PLU%D\, which supports WKHSROOXWLRQLQWKHøQQHU
bay. Besides, these results require confirmation
with advanced molecular techniques to understand
the safety RIWKHLQQHUSDUWRIWKHø]PLUED\

mussels which reflect a poor health condition
induced by prolonged exposure of environmental
pollution. Furthermore, it confirms hepatopancreas
and gills as the target tissue for toxicity of
xenobiotic. Histopathological abnormalities like
inflammation, necrosis, and tubule thinning were
the most characteristic symptoms of digestive
gland, gill filament, and gonad of mussels from the
polluted site [28; 29; 30].
Mussels from the outer bay (unpolluted site)
showed better health and intact organ histology
with no histopathological findings, when compared
to the inner bay (polluted site). mussels taken from
the clean site compared to the polluted site are good
in health with no histopathology. In addition to this,
mussel samples taken from the four stations in the
inner bay showed a gradual increase in
KLVWRSDWKRORJ\ 7KH IDUWKHVW VWDWLRQ ,QFLUDOWÕ
samples showed minimal histopathology in both
gill and hepatopancreas with intact organ histology
but the closest station, Pasaport reveals the worst
histopathology with loss of the integrity of the
organ histology. In several studies, histopathologies
of bivalves are showed changes indicative of a
contamination gradient response like present study
[31; 32; 33]. Additionally, it was found that lesions
within the digestive diverticula, ctenidia, and
ventral epithelium of the foot, in particular,
exhibited a spatial relationship to marine
minetailings discharge [34]. As mentioned before
between Göztepe, Konak and Pasaport stations
there is a grade in histopathology. This grade is
SDUDOOHO ZLWK GRFN \DUG FORVHQHVV ,Q ,QFLUDOWÕ
station which can be located the far most inner bay
as expected showed minimal histopathology
relative to the other three stations.
In the literature, there are many references that
histopathological alteration either in gills and
digestive glands or both shown to be responsive to
a wide range of contaminants [4]. The digestive
gland of mussels is a paired gland consisting of
numerous blind ending tubules, the epithelium of
which is composed of two cell types. The digestive
cells primarily involved in intercellular food
digestion, whereas basophilic cells (or calcium
cells) are thought to be secretory cells that
contribute to extracellular digestion and metabolic
regulation [35]. In our study, haemocytic
infiltration in tubular epithelial cells and vesicular
connective tissue, vacuolar degeneration and cell
losses due to necrosis was observed in the digestive
gland of mussel samples. Similarly to our findings,
it was reported that the hepatopancreas of bivalve
was severely altered after being chronically
exposed to xylene, benzene and gear oil-WSF
showing necrosis, cell loss etc. [36]. Also, heavy
haemocytic infiltration was found in the connective
tissues of clams transplanted to a highly urbanized
and industrialized subtropical estuary in Tampa Bay
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2,4-DINITROTOLUENE REMOVAL EFFICIENCY AND
MECHANISMS IN TREATMENT OF CHEMICAL
INDUSTRIAL WASTEWATER WITH ZERO-VALENT FE/CU
BIMETAL
Shengtao Jianga,b, Jianzhong Zhub , Ying Dingb, Shuli Baia, Yujiang Guana, Xiao Chena
a

Zhejiang Provincial Key Laboratory of Plant Evolutionary Ecology and Conservation, Taizhou University, Tai Zhou City, Zhejiang
Province , P.R.China,318000
b
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environment and organisms. It has been listed in
WKH ¶ FKHPLFDOV SULRULWL]HG IRU FRQWURO¶ LQ &KLQD
for environmental protection (Ma et al.2013; Zhang
et al). Due to the fact that these chemicals are
highly stable in water bodies, conventional
wastewater treatment could barely degrade and
remove them from water bodies. Physical-chemical
treatment, combined with bio-chemical treatment,
is currently the dominant technique in the treatment
of DNT chemical industrial wastewater both
domestically and abroad.
In the process of treating DNT chemical
industrial wastewater, a critical and restrictive step
is bringing down the concentration of DNT and the
toxicity of the wastewater before bio-chemical
treatment. The research so far has been founded on
oxidation techniques, e.g. electrochemical oxidation,
Fenton oxidation and photo-catalytic oxidation.
These oxidation techniques are universally too
costly, making it an urgent need to find a low cost
and effective way to treat DNT chemical industrial
wastewater (Bozzi et al, 2005; Ma et al, 2008).
Iron-carbon
micro-electrolysis,
using
reduction, absorption, flocculation and filtration for
pollutant removal, has developed along with the
utilization of iron in wastewater treatment, and is
more economical compared with oxidation (Jiang et
al, 2009). However, after a certain time period of
running, the iron crumbs harden up and short
FLUFXLWV DUH IRUPHG PHDQZKLOH LW¶V RQO\
performing well under acidic conditions (Ma et al,
2008; Wang et al, 2009; B et al, 2014). Targeting at
the deficiencies above, Chen used discarded iron
shavings as a base matter and fabricated bimetal
reduction systems such as Cu/Fe, and carried out a
research on fine chemicals industrial wastewater
and dyeing wastewater (Chen et al, 2011).
Compared
with
conventional
iron-carbon
micro-electrolysis, bimetal systems have a wider
suitable pH range (e.g. from the acidic environment
to slight alkaline environment) for a good
effectiveness, along with improvements in iron
crumb hardening up (Ma et al, 2004). However,
regarding whether Fe/Cu bimetal is suitable for

ABSTRACT
Driven by chemical substitution, Fe/Cu
bimetal materials were developed through copper
sedimentation on iron crumbs, and characterized
through a scanning electron microscope (SEM) and
X-ray electron spectrometers. Fe/Cu bimetal
systems were used in the treatment of
2,4-dinitrotoluene (2,4-DNT) chemical industrial
wastewater, whilst the research was made on
treatment efficiency and reaction rate based upon
respective factors ranging from the materials,
coverage rate of copper, pH and initial
concentration, etc. which led us into the discussion
of inner mechanisms. It was demonstrated that the
best coverage rate of copper plating is 0.25%, and
that Fe/Cu bimetal materials supersede simple iron
crumbs regarding removal efficiency, reaction rate
and adaptation. With pH set at 9.0, 11.0 and 13.0,
the removal of 2,4-dinitrotoluene increased by
6.22%, 9.52% and 25.26%, changing from iron
crumbs to Fe/Cu bimetal, reaching at 90.18%,
70.21% and 58.8% respectively. Fe/Cu bimetal
material tackles the low degradation efficiency in
alkaline environments faced by conventional
micro-electrolysis and is not limited within acidic
wastewater treatment.

Key Words:
Iron Crumb; Fe/Cu Bimetal; 2,4±DNT; Chemical
Industrial Wastewater

INTRODUCTION
2,4-dinitrotoluene (2,4-DNT) is a type of
widely used material in chemical industry, and an
intermediate in fine chemicals, with strong
bio-WR[LFLW\ DQG µWKUHH FDXVLQJ¶ HIIHFWV QDPHO\
causing cancer, causing malformation and causing
mutation. Once into water bodies, it aggravates the
quality and sensory properties of the water for long
terms, and brings about great hazards to the
1468
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DNT chemical industrial wastewater, or the
effectiveness and reaction mechanisms, we have
noticed barely any report by far. This led us to use
iron crumbs as the base matter and build Fe/Cu
bimetal systems for the treatment of DNT chemical
industrial wastewater, and made a research on
treatment efficiency and reaction rate based upon
respective factors ranging from the materials,
coverage rate of copper, pH and initial
concentration etc. We optimized the conditions of
the reaction systems, aiming at offering some
certain reference to the practical utilization of
Fe/Cu bimetal systems in the treatment of
nitro-containing aromatic compounds chemical
industrial wastewater.

dose CuSO4 solution of 1 g/L concentration into th
e three containers by 100mL, 250mL and 500mL re
spectively, which leads to Fe/Cu bimetal with a cop
per rate of 0.1wt%, 0.25wt% an 0.5wt% respectivel
y.

MATERIALS AND METHODS

METHODS

REAGENTS AND INSTRUMENTS

The prepared materials was put in a
packed-bed reactor with an effective volume of 0.5
L as the packing. The packed-bed reactor is about
250mm high and 50 mm in diameter.2,4±DNT
chemical industrial wastewater flowed into the
upflow
packed-bed
reactor
at room temperature(20±3Ԩ), and the upflow rate
was 0.1 m/h. Samples were taken regularly from 0
to 2 h for analysis ,and a series of data was obtained
as the condition factors were altered. Reduction-azo
spectrophotometry was adopted for determining the
concentration of nitrobenzene, and phenanthroline
spectrophotometry for gross iron ion concentration.

Characterization.
Micro-morphology
analysis and Energy Dispersive Spectrometer
analysis for the catalysts were carried out with a
Hitachi S-4800 scanning electron microscopy
(SEM). A Bruker AXS D8 Advance X-ray
diffractometer (XRD) was used for X-ray
diffraction, and the Specific surface of
the iron scraps was tested to be 0.2045m2/g on a
Specific surface and pore size analyzer(Beishide
Instrument 3H-2000PS2).

The 0.1 cm diameter iron crumbs were
obtained from a machinery plant in Linhai,
Zhejiang Province. Chemicals used are graded AR
(analytical reagent). Instruments used in the
experiment include DELTA-320 pH meter (DELTA,
China),
UV-7504
(A)
ultraviolet
visible
spectrophotometer(Metash, China), KYC-1102C air
thermostatic table(KYC, China), D8 advance X-ray
diffractometer (Bruker , German)ˈSpecific surface
and pore size analyzer˄Beishide Instrumentˈchina˅,
and Hitachi S-4800 scanning electron microscopy
(Tokyo, Japan).

RESULTS AND DISCUSSION

FABRICATION AND CHARACTERIZATION

CHARACTERIZATION

Fabrication of Fe/Cu Bimetal.
(1)Pretreatment: Soak the discarded iron
crumbs from the machinery plant with 10% alkali
for 5-10 min to remove attached grease, and then
with 3% HCl for 30 min to remove the oxide on the
surface, and then cleaned with water.
(2)Place 100g pre-treated iron scraps respectiv
ely into each of three containers of 1000mL volume
, followed by dosing in 400mL distilled water. Then

Scanning Electron Micrographs (SEM). As
shown in Fig. 1, the surface of iron crumbs is
relatively smooth and compact, without too many
openings or cracks, whilst the surface of Cu/Fe
bimetal is rough with many particles, indicating a
micro-morphology change of the iron crumbs when
covered with copper.
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The scanning area of EDS

(a) SEM Image of Iron Crumbs

(b) SEM Images of Cu/Fe Bimetal
FIGURE 1
SEM Images.

Cu/Fe bimetal has been created as the iron crumbs
ZHUH FRSSHUHG ,W¶V DOVR VHHQ WKDW WKH DWRPLF
percentage of O is only 9.43%, whilst Fe and Cu
takes 18.69% of atomic percentage, which indicates
that during the fabrication of the materials, just a
part of the zero-valent elements were oxidized, and
that zero-valent Cu/Fe systems still exist in the
Cu/Fe bimetal materials.

X-ray Energy Dispersive Spectroscopy
(EDS) Image. Fig. 2 shows X-ray EDS images of
iron crumbs and Cu/Fe bimetal of 0.25% copper
rate. Table 1 shows the results element contents) of
the samples. EDS image of the iron crumbs shows
Fe and C as the predominant elements, taking up
79.91% and 18.22% of weight percentage
respectively. EDS image of Cu/Fe bimetal shows
the existence of Cu, Fe, C and O, indicating that

(a) EDS Image of Iron Crumbs

(b) EDS Image of Cu/Fe Bimetal
FIGURE 2
EDS Images.

TABLE 1
Element Analysis EDS Images of Iron Crumbs and Cu/Fe Bimetal
Material
Element
Weight percentage
Atomic percentage

C
18.22
46.30

Iron Crumbs
Si
1.87
2.04

Fe
79.91
51.68

1470

C
40.09
71.87

Cu/Fe Bimetal
O
Fe
7.01
16.50
9.43
6.36

Cu
36.40
12.33
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reactors 100g of iron crumbs, the copper rate of
which being respectively 0%, 0.1wt%, 0.25wt%
and 0.5wt%. Put in 2,4±DNT wastewater of 100
mg/L in concentration and 7 in pH. To have the
materials fully blended, and samples were taken
regularly from 0 to 2h for determination. See Fig. 3
for the outcomes.

INFLUENTIAL

Effects of Copper Rate. The prepared
materials was put in a packed-bed reactor with an
effective volume of 0.5 L as the packing. Put into
each of four 500 mL sized small packed-bed

100
90

5HPRYDOUDWH %)

80
70
60
50
40

0%
0.1 %
0.25%
0.5%

30
20
10
0
0

10

20

30

40

50

60

70

80

90

100

110

120

T(min)

FIGURE 3
Effects of Copper Rate on Removal Rate.

copper, which diminishes the direct contact area of
iron with 2,4-DNT in the wastewater, and thus
hinders electrons from being transferred from the
iron anode, which is an obstacle for the reduction
reactions and brings down reaction rate and
treatment effectiveness. In accordance with the
outcomes of this experiment, the optimized copper
rate on iron crumbs is 0.25wt%.

As shown in Fig. 3, after 15 min of reaction,
the degradation rate of DNT in relation to iron
crumbs with no copper was 78.41%, and 80%, 85%,
75.9% respectively as copper rate goes up to
0.1wt%, 0.25wt% and 0.5wt%, which indicates that
from 0 to 0.25wt%, the degradation efficiency and
reaction rate improves as Fe/Cu bimetal systems are
established, yet when copper rate goes up to
0.5wt%, degradation rate drops.
Wu et al. (Wu et al, 2005) were convinced that
the existence of copper in Fe/Cu bimetal systems
accelerates primary battery reactions, and makes
reduction reactions easier for organics on the
surface of iron and copper due to the unique inner
metal-crystal structure and electron arrays, which is
in line with the outcomes of this experiment within
a copper rate range of 0 to 0.25wt%. The fact that
removal rate drops significantly as copper rate
reaches 0.5wt% has led us to believe that as copper
rate increases to a certain degree, iron as the anode
of the primary battery is covered bytoo much

Effects of pH. Put into each of 12 small
packed-bed reactors 100 g of iron crumbs without
copper or Fe/Cu bimetal with a copper rate of
0.25wt%. Put in 2,4±DNT wastewater of 100 mg/L
in concentration and change the pH with HCl or
NaOH solution to 3.0, 5.0, 7.0, 9.0, 11.0 and 13.0,
respectively. To have the materials fully blended,
the reactor was placed in the air thermostatic table
for shaking, and samples were taken regularly from
0 to 2 h for determination. See Fig. 4 for the
outcomes.
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(a) Effects of pH for Iron Crumbs on Removal Rate (b) Effects of pH for Fe/Cu Bimetal on Removal Rate
FIGURE 4
Effects of pH.

is better than iron crumbs. The results imply that to
a certain degree, Fe/Cu bimetal material tackles the
low degradation efficiency in alkaline environments
faced by conventional micro-electrolysis and is not
limited within acidic wastewater treatment.
According to the literature(Wu et al,2009;Su et
al,2012;Chang et al,2010), there are two
predominant reduction reactions going on in the
reaction system of the experiment, one being the
direct reduction effects of zero-valence iron,
another being the reduction effects of newly
generated [H] (B. Lai ,et al.2014).

As shown in Fig. 4, after 2 h of reaction, the
degradation rate of 2,4-DNT in relation to iron
crumbs with no copper was around 95% at pH of
3.0, 5.0 and 7.0, and 83.96%, 59.25%, 33.54%,
respectively as pH goes up to 9.0, 11.0 and 13.0,
which indicates that from pH 9 to pH 13, the
removal rate of DNT significantly drops as pH goes
up. ,W¶V DOVR VHHQ WKDW DIWHU  h of reaction, the
degradation rate of 2,4-DNT in relation to Fe/Cu
bimetal (copper rate 0.25wt%) was around 98% at
pH of 3.0, 5.0 and 7.0, and 90.18%, 70.21%, 58.8%
respectively as pH goes up to 9.0, 11.0 and 13.0.
Comparing iron crumbs without copper and
Fe/Cu bimetal, we can see that at pH of 3.0, 5.0 and
7.0, both could give a satisfying removal rate above
95% on DNT, yet Fe/Cu bimetal is better at pH of
9.0, 11.0 and 13.0, respectively 6.22%, 9.52% and
25.26% higher compared to iron crumbs, which
indicates that as alkalinity increases, Fe/Cu bimetal

Effects of Concentration. Put into
packed-bed reactors filled with Fe/Cu bimetal
(copper rate 0.25%) 2,4±DNT wastewater of pH 7
and different concentrations. Samples were taken
regularly for determination. See Fig. 5 for the
outcomes.
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FIGURE 5
Effects of Concentration for Fe/Cu Bimetal (Copper Rate 0.25%) on Removal Rate.

concentration of 2,4-DNT increases from 50 mg/L
to 200 mg/L and stays around 98%. As inlet
concentration increased up to 400 mg/L, it drops to

As shown in Fig. 5, the degradation efficiency
of 2,4-DNT in the packed-bed reactor filled with
Fe/Cu bimetal does not change much as the initial
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Fig. 6, the reaction rate of 2,4-DNT degradation by
Fe/Cu bimetal is higher than that of iron crumbs
under all pH conditions, implying that the
fabrication of Fe/Cu bimetal systems does a good
job in accelerating the reaction rate.

88.15%. These outcomes indicate that packed-bed
reactors filled with Fe/Cu bimetal is adaptable to
the change of 2,4-DNT inlet concentration to some
extent, yet when the concentration goes up to some
degree, remove rate is suppressed(Fan et
al,2009;Zhu et al,2013). A higher initial pollutant
concentration would lead to competitive adsorption
among the pollutant and its intermediates because
the adsorption reaction area of Fe/Cu is fixed. The
competitive
adsorption would
affect
the
mass-transfer rate of the pollutant and its
intermediates between the solution and the surface
of Fe/Cu, which would become a limiting factor
when the initial concentration was much higher (Y.
Yuan et al.2014).

RESEARCH INTO REACTION
MECHANISMS
Researches into Process Products in
Reaction. Put into packed-bed reactors filled with
Fe/Cu bimetal (copper rate 0.25%) 2,4±DNT
wastewater of pH 7 and 100mg/L in concentration.
Samples were taken regularly for ultraviolet
spectrum scanning analysis, Fig. 7 for the outcomes
of UV spectrum scanning.
As shown in Fig. 7, the absorption peak at
250nm wavelength gets weaker and weaker as the
reaction goes on, and disappears at 120min; at the
same time, the absorption peak at 215nm
wavelength gets stronger gradually and reaches the
highest at 120min. Based on the analysis of UV
spectrum scanning outcomes, 2,4-DNT gets mostly
degraded, whilst new matters are generated in the
reactions.

A RESEARCH INTO REACTION KINETICS
This paper studies the reaction kinetics of
2,4-DNT wastewater treatment by iron crumbs or
Fe/Cu bimetal with the first-order reaction kinetic
equation dC/dt=-KobsxC, and the results are as
shown in Table 2 and Fig. 6. Kinetic equations in
Table 2 reflect a linear relationship between ln(C/C0)
and t (time), with a noticeable linear regression
coefficient R2, which demonstrates well the kinetic
characteristics of first-order reactions. As shown in

TABLE 2
Kinetic Parameters of 2,4-DNT Degradation by Iron Crumbs and Fe/Cu Bimetal.
Fe/Cu 
ZϮ
Ϭ͘ϵϭϮϳϵ
Ϭ͘ϵϬϲ
Ϭ͘ϴϴϱϰϲ
Ϭ͘ϴϵϭϭϴ
Ϭ͘ϴϭϱϵϮ
Ϭ͘ϴϲϮϵϳ

Kinetics Equation
ůŶ;ƚͬϬͿсͲ;Ϭ͘ϳϱϴϲϳнϬ͘ϬϮϱϰϳƚͿ
ůŶ;ƚͬϬͿсͲ;Ϭ͘ϴϬϯϬϮнϬ͘ϬϮϮϲϭƚͿ
ůŶ;ƚͬϬͿсͲ;Ϭ͘ϳϲϬϵϰнϬ͘ϬϮϭϳƚͿ
ůŶ;ƚͬϬͿсͲ;Ϭ͘ϱϱϵϴϱнϬ͘ϬϭϯϮϳƚͿ
ůŶ;ƚͬϬͿсͲ;Ϭ͘ϯϱϰϲϵнϬ͘ϬϬϱϳϭƚͿ
ůŶ;ƚͬϬͿсͲ;Ϭ͘ϬϴϰϲϲнϬ͘ϬϬϯϮϴƚͿ

Kinetics Equation
ůŶ;ƚͬϬͿсͲ;ϭ͘ϬϵϮϯϲнϬ͘ϬϯϬϴϱƚͿ
ůŶ;ƚͬϬͿсͲ;ϭ͘ϬϱϳϱϵнϬ͘ϬϮϴϯϭƚͿ
ůŶ;ƚͬϬͿсͲ;ϭ͘ϬϳϲϱϲнϬ͘ϬϮϲϬϴƚͿ
ůŶ;ƚͬϬͿсͲ;Ϭ͘ϲϰϰϮϲнϬ͘ϬϭϲϳϵƚͿ
ůŶ;ƚͬϬͿсͲ;Ϭ͘ϰϰϲϮϳнϬ͘ϬϬϴƚͿ
ůŶ;ƚͬϬͿсͲ;Ϭ͘ϮϴϬϴϲнϬ͘ϬϬϲϮϮƚͿ
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FIGURE 7
Ultraviolet Spectrum Scanning Graphs of Cu/Fe.

and 0.86mg/L afterwards. It is believed that during
redox reactions, electrons are lost from iron atoms,
generating iron ions in the solution. Meanwhile,
some H+ are consumed, leading to pH increase, and
thus Fe(OH)2 is generated as iron ions are
combined with OH-, leading to the decrease of iron
ion concentration in the system and pH maintaining
between 7-8(Scherer et al.2001;Liu et al.2005).

Variations of pH and Iron Ion
Concentration. As shown in Fig. 8, during the
treatment of 2,4-DNT wastewater by Fe/Cu bimetal,
pH increases as the reaction goes on but not
significantly, remaining between 7 ± 8. At the
starting period, stripping of iron ions is observed,
reaching 1.23mg/L, and drops to 0.52mg/L as the
reaction goes on, and fluctuates between 0.68mg/L
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FIGURE 8
Variation of pH and Iron Ion Concentration.

Fe/Cu bimetal, (2) micro primary battery effects, (3)
the effects of bimetalˈand ˄4˅adsorption of the
corrosion products of Fe0 (Xu et al.2008; Liang et
al.2010].

Discussion on Reaction Mechanisms. In
accordance with a research into the phenomenon of
the experiment in this paper, the mechanisms of
DNT wastewater treatment by zero-valence Fe/Cu
bimetal could be approached from four perspectives,
namely (1) direct electron transfer on the surface of

(1) Direct electron transfer on the surface of Fe/Cu bimetal.
Fe0
Fe/Cu 0
Fe

CH3

Fe0
Fe/Cu
Fe0

Fe0

CH3
NO2

+

NH2

+12H+

Fe/Cu
Fe0

NO2

NH2

1474
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(2) Micro primary battery effects.
ˇ
Anode (Fe): Fe±Hĺ)H2+
E˄Fe2 /Fe˅= ±0.44V
+
Cathode (C): 2H ˇHĺ>+@ĺ+2
E˄H+/H2˅= 0V
Cathode reactions are as follows with the existence of oxygen:
E(O2)=1.23V
O2+4H+Hĺ+2O
O2+2H22Hĺ2+E(O2/OH-)=0.41V
CH3

CH3

NO2

12[H] +

NH2

+4H2O
NO2

NH2

(3) Effects of bimetal. In the bimetal system of copper and iron, copper as the cathode improves the
reaction rate of the micro primary battery, and also provides a reaction surface for the reduction reactions of
DNT, which enhances the reaction rate of the system (Liang et al.2010).
(4) Adsorption of the corrosion products of Fe0. The removal of DNT also was resulted from the
adsorption of the corrosion products of Fe0.

CONCLUSIONS
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direct electron transfer on the surface of Fe/Cu
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the effects of bimetal.
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widespread eutrophication of water ecosystem,
including rivers, lakes and streams [4-8]. Presently
eutrophication has become a serious water
contamination problem all over the world, because
of several consequences, including unpleasant
smells, changed water colors and reduced oxygen
availability in water body [9-12]. Occurrence of
eutrophication causes the deterioration of water
quality and affects directly the survival of humans
and other organisms [13, 14]. Therefore, the
removal of N and P from wastewater by
remediation methods is very important to control
eutrophication and restore the water ecosystem.
Hunhe River, one of the most important water
resources in Liaoning Province of North China,
supplies domestic water to the seven cities and
ensures the normal operation of industrial and
agricultural productions [15]. Over the last two
decades, with the population growing and the rapid
economic developing on upstream of Hunhe River,
agricultural runoff and nutrient-rich effluents have
directly resulted in the serious eutrophication of the
river. Phytoremediation is a green promising
technique, which removes or cleans pollutants from
contaminated wastewater or groundwater by
aquatic plants [16, 17]. Previous studies have
demonstrated that the removal of N and P from
wastewater by natural or semi-natural systems
[18-24]. However, it is rarely studied on ornamental
and wetland plants, especially those which have a
good ability to remove N and P.
Based on our previous resource surveys to the wild
aquatic plants on upstream of Hunhe River, five
ornamental aquatic plants, Lythrum salicaria,
Alisma orientale, Acorus calamus, Monochoria
korsakowii and Sagittaria sagittifolia, are chosen in
the present study. The objectives of the study were
to evaluate the removal ability of total N and total P
by five ornamental and wetland plants. It would be
XVHIXO IRU WKH SODQW¶V XWLOLW\ LQ SK\WRUHPHGLDWLQJ
water contaminated by N and P. Moreover, it would
provide a reference for the construction of wetland
technology.

ABSTRACT
Phytoremediation is a promising technique to
remove nitrogen (N) and phosphorus (P) from
wastewater by plants, and it is useful to control
eutrophication and restore the water ecosystem. In
the present study, five ornamental and wetland
plants, Lythrum salicaria, Alisma orientale, Acorus
calamus, Monochoria korsakowii and Sagittaria
sagittifolia, are chosen to study the effects of N and
P on plant growth and chlorophyll contents, and
evaluate the removal ability of N and P by the five
aquatic plants. It was shown that the changes of
chlorophyll contents in A. calamus and M.
korsakowii were accordance with their better
growth. The results indicated that the good
tolerance of the two plants to N and P might result
from the effective mechanisms including the
capacity to maintain good growth and
photosynthetic pigment composition, which would
EHXVHIXOIRUWKHSODQW¶VXWLOLW\LQSK\WRUHPHGLDWLQJ
water contaminated by N and P. A. calamus had the
highest relative growth rate (RGR), and had the
best removal efficiency of TN (95.3%) and TP
(95.4%), which indicated that the plant could be
considered as the most promising one for
phytoremediating N and P contamination in the
wastewater. The study results would provide a
reference for the construction of wetland
technology.
KEYWORDS:
Phytoremediation; Nitrogen; Phosphorus; Ornamental
and wetland plants

INTRODUCTION
Human activities have accelerated the input
rate of nitrogen (N) and phosphorus (P) into water
ecosystem [1-3]. Nitrogen and phosphorus are
critical to many processes of plant growth, such as
protein formation and cell replication, but excessive
input of N and P from farm fertilizers, sewage and
industrial contaminations could be toxic and cause
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FIGURE 1
Location of the plant sampling site.

spectrophotometer, Japan). The plants were
harvested after they were treated for 21 days. The
harvested plants were dried at 105 °C for 30 min,
then at 70 °C until weight was constant for
elemental analysis.
Relative growth rate (RGR) of leaf area was
calculated by the following equation: RGR (cm 2
per day) = (log Atx ± log At0) / t*100
(A= Area in cm2, Atx= cm2 at x days, At0=
2
cm at 0 days, t= days)
The chlorophyll content was measured in 80%
acetone extract of 0.1 g leaf tissue [26].
Removal rate of TN and TP was calculated by
the following equation: R(%)=[(C0-Ct)/C0]×100.
Where C0 and Ct represent the initial concentration
and final concentration, respectively [27].

MATERIALS AND METHODS
Study Site and Plant Culture. The study site,
where these aquatic plants are collected from, is on
upstream of Hunhe River, Liaoning province, North
China (41.99°N and 124.46°E). The area is mainly
affected by warm-temperate continental monsoon
climate
featuring
four
distinct
seasons,
characterized by hot, humid summers and generally
cold, dry winters. The average annual temperature
is 5.3 °C. The average temperature in January is
-16 °C and the average temperature in July is
22.9 °C. The average annual precipitation is 806
mm. Location of the plant sampling site are shown
in Fig. 1.
The plants were carefully rinsed with running
tap water and distilled water, then kept for 5 days in
clean water to acclimatize. After the adaptation
period, the plants were cultivated in 50% Yoshida
solution for 7 days. Plant samples were transplanted
to the culture buckets (diameter 8 cm, height 15 cm,
volume 3.5 L), three plants for each. The nutrient
medium was changed into 100% Yoshida solution
for 7days. Then the desired amounts of NH 4NO3,
NaH2PO4+2O were dissolved in distilled water to
achieve the appropriate contamination level: TN 14
mg L-1, TP 3 mg L-1. The experiment was repeated
three times. These plants were grown in a
greenhouse at a temperature of 23±2°C.

Statistical Analyses. All measurements were
replicated three times. Average values and standard
deviations (SD) were calculated by the Microsoft
Office Excel 2003 for all the data in this paper.
One-way analysis of variance was carried out with
SPSS11.0. The significant difference was set
between treatments at p < 0.05. Multiple
comparison was also made by the LSD (least
significant difference) test.

RESULTS AND DISCUSSION
The Effects of N and P on Plant Growth.
Plant growth responses to N and P in terms of
relative growth rate (RGR) of leaf area were shown
in Table 1. At the beginning of N and P treatment,
it has been not showed any visual leaf symptoms in
the five ornamental aquatic plants. Especially A.
calamus and M. korsakowii kept better growth,
indicated by fresh green leaf and root length
increased. With the treatment time extended, the top
new leaves of A. calamus, M. korsakowii and S.

Sampling Method and Elemental Analysis.
Subsamples were digested for TN and TP
measurement
according
to
the
sulfuric
acid±hydrogen peroxide (H2SO4±H2O2) method
[25]. TN were analyzed by semi-micro Macro
Kjeldahl method (Ruizheng Kjeldahl nitrogen
analyzer KDY-600D, Shanghai, China), and TP
were
determined
using
molybdenum
antimony-ascorbic acid colorimetric method
(MADAC)
(SHIMADZU
UV-1800
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TABLE 1
Relative growth rate (RGR) of leaf area of five
aquatic ornamental plants
RGR (cm 2 per day)
29.57
13.39
72.23
49.18
42.92

The Effects of N and P on Chlorophyll
Contents. According to the study reported by
Nyitrai et al. [30] and Zou et al. [31], chlorophyll
contents, as light-harvesting pigments, may have
some effects on the efficiency of light capture in the
antennae. The changes of chlorophyll contents in
the five ornamental aquatic plants were shown in
Fig. 2. At the beginning of N and P treatment,

The Removal of N by Plants. At different
days after N and P treatment, the removal of TN in
the wastewater by five ornamental aquatic plants is
shown in Fig. 3. A significant decreased
concentration gradient of TN by the five plants was
observed compared to the control (p < 0.05).
Except for S. sagittifolia, the TN concentration in

0

8

Chlorophyll content(mg g -1 FW)

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

chlorophyll contents of the five aquatic plants all
had a significant increase, which indicated that
defensive mechanism in plants might play an
important role in the resistance to environmental
stress. Our result is compatible to the study by
Menéndez et al. [32]. Especially, at the beginning
of N and P treatment, chlorophyll contents of A.
calamus and M. korsakowii were increased by
71.1% and 64.5%, respectively. The results were
accordance with their better growth indicated by
fresh green leaf and root length increased. However,
chlorophyll contents of A. calamus and M.
korsakowii at 21 days after N and P treatment were
still increased significantly, compared to those at
the beginning of N and P treatment (p < 0.05),
which indicated that the plants could develop
effective tolerance mechanisms to avoid the stress
damage to photosynthetic pigment composition and
photosynthetic function. It may be beneficial for the
plants
to
enhance
the
potential
for
phytoremediation [33]. With the treatment time
extended, chlorophyll contents of the five aquatic
plants all had a declined trend. At 21 days after N
and P treatment, chlorophyll contents of A.
orientale got the lowest level, below 2.00, which
were associated with the appearance of visual leaf
symptoms such as chlorosis.

sagittifolia maintained good vitality, and the old
leaves had leaf chlorosis. Compared to others plants,
A. orientale had more significant visual leaf
symptoms. At 21 days after N and P treatment, the
fresh weight biomass of the five ornamental aquatic
plants were all increased. A. calamus grew
relatively rapidly, and had the highest RGR (72.23),
which indicated that the plant had good
physiological and chemical processes to regulate
nutrient extraction [28, 29]. M. korsakowii and S.
sagittifolia showed a similar trend of RGR, and got
up to 49.18 and 42.92, respectively. A. orientale
had the lowest RGR, only 13.39, which is
accordance with the visual symptoms of growth.

Aquatic ornamental plants
Lythrum salicaria
Alisma orientale
Acorus calamus
Monochoria korsakowii
Sagittaria sagittifolia



7d

14d

21d

6

4

2

0
L .salicaria

A. orientale

A. calamus

M. korsakowii

S. sagittifolia

Plant species

FIGURE 2
The changes of chlorophyll contents (mg g-1FW) in five ornamental aquatic plants. Values represent mean
± SD (n=5).
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15
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5

0
L. salicaria

A.orientale

A. calamus

M. korsakowii

S. sagittifolia

Plant species

FIGURE 3
The changes of total nitrogen (TN) concentration (mg L-1) in the wastewater. Values represent mean ± SD
(n=5).

korsakowii decreased significantly. Among the five
ornamental aquatic plants, A. calamus had the best
TP removal efficiency, which reached 94.4%. , It
indicated that A. calamus had much better ability to
remove TP in the wastewater. The removal rate of
TP in the wastewater by L. salicaria, M. korsakowii
and A. orientale were high amd got up to 82.9%,
76.8% and 73.5%, respectively. Compared with
them, S. sagittifolia had the lowest removal rate,
only 40.2% (Table 2). Some studies showed that
most aquatic plant species could assimilate P
directly through shoots or leaves to remove P [35,
36]. It is also reported that the photosynthesis of
aquatic plants can cause the supersaturation of
CaCO3 in the wastewater, which may be helpful to
remove P by coprecipitation [37, 38]. Plant uptake
has been suggested to be the major nutrient removal
mechanisms in the wastewater [34, 39]. Some of
the five ornamental aquatic plants showed a good
removal ability to N and P, which might be due to
the good biochemical and physico-chemical
processes functioning in plants.

the wastewater by other four ornamental aquatic
plants declined to a low level after 21 days. In
particular, the removal rate of TN in the wastewater
by M. korsakowii, A. calamus and L. salicaria were
all very high and got up to 95.4%, 95.3% and
93.7%, which indicated that the three plants had
much better ability to remove TN in the wastewater.
Compared with them, S. sagittifolia had the lowest
removal rate, only 36.2% (Table 2). The inorganic
forms of N are nitrate (NO3), nitrite (NO2),
ammonia (NH3) and ammonium (NH4). The main
reason might be that different kind of plants had
different uptake pathway and nitrification process
characteristics to remove N [16, 34].
The Removal of P by Plants. At different
days after N and P treatment, the removal of TP in
the wastewater by five ornamental aquatic plants is
shown in Fig. 4. The changes of TP concentrations
in the wastewater had a similar trend with TN
concentration gradient. With the treatment time
extended, the TP concentrations in the wastewater
by L. salicaria, A. orientale, A. calamus and M.

TABLE 2
The removal rate of TN and TP by five aquatic ornamental plants.
Aquatic ornamental
plants
L. salicaria
A.orientale
A.calamus
M. korsakowii
S. sagittifolia

Co
TN
14
14
14
14
14

Ct
TP
3
3
3
3
3

TN
0.881±0.097
1.734±0.185
0.663±0.226
0.640±0.132
8.934±1.012

1480

TP
0.514±0.204
0.796±0.179
0.167±0.056
0.697±0.186
1.793±0.089

R˄%˅
TN
TP
93.7
82.9
87.6
73.5
95.3
94.4
95.4
76.8
36.2
40.2
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14d

21d

TP(mg L-1 )

3

2

1

0
L. salicaria

A.orientale

A. calamus

M. korsakowii

S. sagittifolia

Plant species

FIGURE 4
The changes of total phosphorus (TP) concentration (mg L-1) in the wastewater. Values represent mean ±
SD (n=5).

CONCLUSIONS
[2]

The present results showed that the five
ornamental aquatic plants could remove N and P in
the wastewater. A. calamus had the highest RGR,
and had the best removal efficiency of TN (95.3%)
and TP (95.4%), which indicated that the plant
could be considered as the most promising one for
phytoremediating N and P contamination in the
wastewater. It is also suggested that M. korsakowii
had a good ability to remove N and P in the
wastewater. The changes of chlorophyll contents in
A. calamus and M. korsakowii were accordance
with their better growth, which indicated that the
plants had good defensive mechanism in the
resistance to environmental stress. In the present
study, compared with other ornamental aquatic
plants, S. sagittifolia had the lowest removal rate of
TN and TP.

[3]

[4]
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EVALUATING EFFECTS OF SEWAGE SLUDGE ON SOIL
BIOCHEMICAL PROPERTIES AMOUNTS
(INCUBATION EXPERIMENT)
Shima Farasat, Ayten Namli
Ankara University, Faculty of Agriculture, Department of Soil Science, Ankara, Turkey

contaminants (heavy metals, organic compounds,
and human pathogens) which should be considered
when it is utilized in agricultural and forestry soils
[17]. Researches about sewage sludge disposal in
soil are focused on its effects on soil fertility, plant
development, and contamination by heavy metals
and organic compounds [48]. Sewage sludge
management is regulated, directly and indirectly by
different legislative tools and acts in environmental
legislation the last 30 years. Although the positive
steps, there is the need for continuous improvement
and more intense enforcement. The major gaps
identified are the need for limits setting for organic
substances and regulations on recycling and final
disposal [22].
Soil enzymes are important soil components
that are closely associated with physicochemical
and biological characteristics of soil [26]. ȕGlucosidase is an enzyme which catalyses the
K\GURO\VLV RI ȕ-glucosides [21]. This activity may
give an idea about decomposition of organic matter.
ȕ-Glucosidase is characteristically useful as a soil
quality indicator, and may give a reflection of past
biological activity, the capacity of soil to stabilize
the soil organic matter, and can be used to detect
management effect on soils [3,35]. Phosphatases
are considered key enzyme in phosphorus cycling
in soil [15].
Soil microbial biomass carbon and soil
respiration are often applied for understanding the
environmental factors effects on soil organisms,
monitoring carbon, nitrogen, phosphorus cycles on
soils exposed natural conditions or human activities
and monitoring effects of human activities on soil
ecosystems [36]. The metabolic quotient (qCO2)
has been proposed as a useful parameter for
studying the respiratory activity of a soil [40].
According the study was undertaken to
demonstrate the effects of f wastewater sludge
amendments on nitrogen forms and urease activity
in soil and earthworm (Lumbricus terrestris) casts,
co-application of fly-ash and wastewater sludge the
addition of wastewater sludge significantly
increased urease activity, mineral-N and total-N
contents of soil and casts. Furthermore, urease
activity, mineral-N and total-N contents of casts
were found to be significantly higher than that of
the surrounding soil. Application of canned food

ABSTRACT
Recycling of organic wastes within agriculture
may help maintain soil fertility via effects on
physical, chemical and biological properties. This
study examines the effect of sewage sludge
application on soil biochemical properties.
Dewatered anaerobically digested sewage sludge
were collected from the sewage treatment plants in
 GLIIHUHQW UHJLRQV RI 7XUNH\ ø]PLU *D]LDQWHS
Samsun, Antalya, (OD]Õ÷ .DUDPUVHO Ankara,
Yozgat, and Düzce) were chosen and surface soils
(0-20 cm) were also taken from the agricultural
lands of these regions .We studied the effects of
adding different doses (0, 2, 4 and 8 t dry matter
(DM) da-1) of sewage sludge on selected soil
characteristics. Soils treated with sludges were
incubated under constant laboratory conditions at
25 ƕC for 0, 60 and 120 days. As a result; the
addition of different doses of sludge caused a rapid
and significant increasing of soil enzymatic
activities, soil biomass, soil respiration and q CO2,
these increases were especially noticeable in soil
treated with high doses of sludge. Sludge
application somewhat increased soil enzyme
activities. In addition, a significant (P<0.05)
variations in soil respiration were also observed in
this study. The highest rate of sludge application (8
tha-1) was found to significantly (P<0.05) increase
the functional diversity of the soil community.
These results suggest that although the sludge
application resulted increasing in the diversity of
the microbial activity, the overall size of the soil
microbial biomass, CO2 production and qCO2
values were either unchanged or increased.
KEYWORDS:
Sewage sludge, Enzymes activity, Soil respiration, Soil
Biomass, qCO2

INTRODUCTION
Sewage sludge contains organic matter and is
rich in macro and micronutrients, so the agricultural
and forestry disposal is widely recommended [5].
However,
sewage
sludge
also
contains
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industry sludge at a dose of 80 g kg-1(200 t ha-1)
was the most effective application on nitrogen and
urease contents. On the other hand, 40 g kg-1 (100 t
ha-1) treatment was found to be the most suitable
dose for municipal wastewater sludge.
The present work evaluates the influence of
different types of sewage sludge on the biochemical
quality of 9 regions soil. For this, an incubation
experiment of a soil amended with 3 different doses
of sewage sludge was carried out in controlled
FRQGLWLRQV DQG WKH YDULDWLRQV LQ WKH DFWLYLW\ RI  ȕGlucosidase , alkaline phosphatase, soil respiration,
C-biomass, and metabolic quotient (qCO2) were
studied over a period of 0, 60 and 120 days.

being carried out in triplicate. Distilled water was
added to bring the soil mixture to 70% of its water
holding capacity. For each soil, an unamend soil
was used as control. Soils treated with sludges were
incubated under constant laboratory conditions at
25 ±0.5 ƕC for 120 days. Sub samples were
removed at time intervals of 0, 60 and 120 days to
determine the changes. The samples were analyzed
to determine a series of soil chemical (electrical
conductivity, pH and organic matter content)
physical
(soil
texture)
and
biochemical
FKDUDFWHULVWLFV ȕ-Glucosidase and phosphatase
enzyme activities, soil microbial respiration and
soil biomass). Soil pH and electrical conductivity
were measured in a 1:2.5 soil/water (v/v) ratio. Soil
texture was determined by the Bouyoucos
hydrometer method [7]. Organic matter was
measured by Walkley-Black [25], and total
carbonate content by using the Scheibler calcimeter
method [1]. Available P, extracted with sodium
bicarbonate
[37],
and
determined
by
spectrophotometry. Available K (extracted with
ammonium acetate) was determined by flame
photometry [27]. Total N was determined by the
kjeldal method [8]. Samples were analysed for their
ȕ-Glucosidase activity (C cycle) and alkaline
phosphotase activities (P cycle) by the methods of
Naseby and Lynch [34].
Soil respiration was determined according to
Isermeyer [24], estimating the CO2 evolved during
soil incubation in a closed system. Microbial
biomass C was estimated by fumigation extraction
[45].

MATERIAL AND METHODS
Dewatered anaerobically digested sewage
sludge were collected from the sewage treatment
SODQWV LQ  GLIIHUHQW UHJLRQV RI 7XUNH\ ø]PLU
Gaziantep, Samsun, $QWDO\D (OD]Õ÷ .DUDPUVHO
Ankara,Yozgat and Düzce) and surface soils (0-20
cm) were taken from the agricultural lands of these
religions . Soil and sewage sludge samples were
air-dried at room temperature, sieved to pass
through a 2mm sieve and homogenised and stored
in polyethylene bags at 4 ࡈC until the experiment
started. The main characteristics of the soils and
sewage sludges are shown in Table 1 and 2
respectively. Soils were treated with different doses
(0, 2, 4 and 8 t dry matter ((DM) da-1) of sewage
sludge whose principal characteristics are described
in Table 2. Each pot contained 250 g of an
individually prepared mixture, the experiments

TABLE 1
Soils properties.
Soil No

%
Clay

%
Silt

%
Loam

Gaziantep

48.37

28,90

22.73

Lara

22.71

35.01

42,28

Ankara

40.55

27.58

31.87

Karamürsel

33.65

22,03

44.32

Bafra

46,52

38,63

14,85

ø]PLU

12,38

24,78

62,84

Yozgat

47,65

34,64

17,71

(OD]Õ÷

50,24

37,73

12,03

Düzce

39,12

42,01

18,87

pH
(1:2,5)
water
7,51

EC
dS/m

OM
%

CaCO3
%

Clay

Field
Capasity
(%)
37,90

0,420

1,25

23,90

Loam

19,57

7,53

0,443

3,91

87,97

Clay
Clay
loam
Clay
Sandy
Loam
Clay

31,04

7,71

0,190

1,11

30,91

7,53

0,131

27,69

7,98

15,10

Clay
Silt
Loam

Textute

65,91

Available
P
mg/kg
22,08

Exchangeable
K
meq/100 g
1,29

CEC
me/100
g
53,33

0,011

151,20

20,50

0,49

18,22

0,015

25,62

4,29

18,92

0,90

40,02

0,150

2,06

2,57

108,63

5,99

0,90

53,12

0,011

0,136

0,24

4,55

23,20

8,74

0,46

44,76

0,006

7,05

0,144

0,93

4,27

10,37

16,02

0,57

10,03

0,052

38,66

7,69

0,190

1,33

35,17

64,29

15,89

1,43

52,66

0,012

27,86

7,91

0,148

1,55

41,48

29,00

28,20

0,75

37,45

0,031

37,56

7,05

0,196

2,28

1,019

60,11

67,98

1,29

46,23

0,022
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TABLE 2
Sewage sludges properties.
EC
dS/m

CaCO3 (%)

0,12

pH
water
(1:2,5)
6,57

0,491

9,11

0,32

7,18

0,313

1,97

7,93

0,11

6,48

0,725

1,89

2,62

8,58

0,07

8,65

0,895

5,77

4,15

6,75

0,28

6,75

0,402

3,51

67,17

2,7

12,44

0,23

6,54

0,349

2,50

29,6

53,06

1,98

13,40

0,14

7,77

0,285

3,57

Karamürsel (K)

21,05

48,82

3,02

8,08

0,12

6,62

0,672

2,14

Yozgat (Y)

23,1

63,93

4,29

7,45

0,07

8,07

0,448

3,03

Sewage Sludge

Dry
matter%

TOM
%

N
%

C/N

P
%

Gaziantep (G)

17,6

57,15

3,92

7,29

Düzce (D)

16,7

55,76

3,94

7,08

dL÷OL (Ç)

26,0

71,72

4,52

Ankara (A)

30,5

44,93

Lara (L)

21

56

Bafra (B)

12,75

(OD]Õ÷ (E)

Sewage
Sludge

Ba

Cd

Cr

Cu

Mo

Ni

Pb

Zn

As

Hg

Se

Sb

Gaziantep
(G)
Düzce (D)
dL÷OL d
Ankara (A)
Lara (L)
Bafra (B)
(OD]Õ÷ (
Karamürsel
(K)
Yozgat (Y)

571,20

0,644

10,31

84,72

<0,01

20,62

35,19

771,09

21,797

<0,005

4,439

<0,01

765,35
181,75
69,95
0,015
168,55
65,68
53,21

0,898
0,254
1,200
0,002
0,460
0,247
<0,005

35,15
59,05
53,6
0,038
2,979
3,699
2,072

31
70,39
61,4
0,067
25,14
78,15
28,73

<0,01
<0,01
<0,01
0,024
<0,01
<0,01
<0,01

9,556
30,706
22,166
0,234
10,916
2,0504
10,326

9,579
35,01
9,20
0,001
16,60
53,50
0,928

93,37
197,5
644,6
0,17
109,7
362,79
29,34

30,227
27,307
10,267
0,009
18,390
7,910
10,827

<0,005
<0,005
<0,005
<0,005
<0,005
<0,005
<0,005

6,571
7,265
6,004
<0,01
5,439
10,156
8,319

<0,01
6,099
<0,01
<0,01
<0,01
<0,01
0,053

47,05

<0,005

1,151

25,41

<0,01

7,642

<0,5

<5

8,516

<0,005

8,326

<0,01

above does of the control (P<0,05), while in soils
UHFHLYLQJWKHORZGRHVWKHYDOXHVRIȕ-Glucosidase
were similar to those of the control. This confirms
the fact that to increase the biochemical activity of
a soil and maintain this effect, the amount of
sewage sludge added to the soil must be high.
The addition of sewage sludge increased
alkaline phosphatase activity in soil. The addition
of organic materials to soil produced a significant
increase in alkaline phosphatase activity. (Fig.1b).
ThHOHYHORIWKLVHQ]\PHDVȕ-Glucosidase enzyme,
depend on the quantity of microbial biomass
contained in these materials and on the amount of
synthesised enzymes [15]. At the 120th incubation
period, the alkaline phosphatase activity of the soil
amended with sewage sludge was higher than that
of the other treatments since it activated more
microbial biomass, as seen for the rest of the
enzymatic activities. The fact that no inhibition of
phosphatase activity was observed with any of the
treatments meant that heavy metals, or other
organic compounds, were no problem, although
some inhibition might have excited which was
easily overcome by the addition of organic matter
with phosphorus-containing substrates [41]. 7KHȕGlucosidase is closely involved in the C cycle and
plays an important role in the hydrolytic processes
that take place during the organic matter breakdown
[3, 44] 7KH ȕ-Glucosidase in soils treated with

Selected properties of soils and sewage
sludges are shown in Table 1 and 2 respectively.
All statistical analyses were conducted with
SPSS for windows (SPSS 15.0). A One-Way
ANOVA test was carried out to identify differences
between sewage sludge doses. Significant
differences were considered at a P<0.05.

RESULTS AND DISCUSSION
Soil enzyme activities. 7KH ȕ-Glucosidase
activity was higher in the amended soils than in the
control soil (Fig.1a). 7KH JUHDWHU ȕ-Glucosidase
activity noted at the high dosage suggested. The
highest value IRUȕ-Glucosidase activity was found
in 8 ton/da sewage sludge dosage in all soil
VDPSOHV ȕ-Glucosidase activity increased during
incubation experiment in both the amended and
control soils due to increasing of microbial activity
because substrate were available to sustain
microbial biomass. The sewage sludge-amended
soil prHVHQWHGOHYHOVRI ȕ-Glucosidase significantly
increase during incubation period (P<0, 05). Until
GD\ RI LQFXEDWLRQ SHULRG LQFUHDVLQJ RI ȕ*OXFRVLGDVHDFWLYLW\¶VOHYHOLQVRLOVDPSOHVGHSHQG
on sewage sludge dosage, except Duzce and Lara
sites soil. At the end of incubation period the soil
treated with high does showed values significantly
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activity of the soil amended with sewage sludge
was higher than control since it activated more
microbial biomass, as seen for the rest of the
enzymatic activities [38]. The alkaline phosphates
activity in the soil depended on the dosage of
sewage sludge.

sewage sludges can be attributed to high levels of
ȕ-Glucosidase in the material itself and the
stimulation of microbial activity [31].
The addition of organic materials to soil
initially produced a significant increase in alkaline
phosphatase activity. (Fig1b). At the beginning of
the incubation period, the alkaline phosphatase

Soil
LSD<0.05

G
0,35

L
0,085

A
0,087

K
0,083

B
0,271

Ç
0,284

Y
0,241

E
0,301

D
0,072

Soil
LSD<0.05

G
0,211

L
0,196

A
0,107

K
0,158

B
0,171

Ç
0,192

Y
0,259

E
0,296

D
0,076

FIGURE 1
&KDQJHVRI D ȕ-Glucosidase activity, (b) alkaline phosphates activity (least significant different (LSD)
(P<0.05)).

The soil amended with the high dosage of sewage
sludge showed maximum activity at the beginning,
after which it increased. This increase in
phosphatase activity was caused by the increase of
biodegradable compounds brought about by
microbial activity. Phosphatase activity in the
sewage sludge amended soil behaved in a similar
way, although the maximum occurred at the
beginning as opposed to days of 60th and 120th,
probably due to the high initial quantity of
phosphatase incorporated with the sewage sludge.

Other authors suggested that strong bonding of
enzymes to soil colloids may protect the enzyme
from denaturation [10, 33]. Amended soil and
control exhibited an increase in this enzyme
activity. In the sewage sludge amended soil,
alkaline phosphatase activities increase in all
dosage. Generally, this enzyme is activated when
there is low P availability in soils.
Alkaline phosphatase activity showed a
similar trend to tKDW ȕ-Glucosidase in samples: an
increase in the first days of incubation followed by
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a pronounced increase in activities. The Alkaline
phosphatase activity plays an essential role in the
mineralization of organic in soil [42]. The Alkaline
phosphatase activity of high doses of sludge
treatments was higher than those of other dosage.
Thus indicated that there was higher amounts of
readily available substrates in the substrates in the
sewage sludge. Organic matter in sludge usually
FRQWDLQV KLJK DPRXQWV RI ȕ-Glucosidase and
alkaline phosphatase activities [14].
Considerable variations in all enzyme
DFWLYLWLHV ȕ-Glucosidase and alkaline phosphatase
were found for the different doses of sewage sludge
at different sampling time. Statistically significant
variations were found in all enzyme activities at
various application rates of the sewage sludge.
Enzyme activities were also affected by incubation
period. The analysis of variance of the results
obtained in our experiment on the periodic
sampling times with sewage sludge showed that all
factors (sewage sludge doses and incubation
periods) significantly influenced all enzyme
activities. After sewage sludge addition a rapid and
significant increase in enzymatic activities was
observed in sludge amended soil. At the end of the
incubation, enzyme activities measured in treated
soils were statistically different from those
measured in the control soils.

content in three sampling period indicates a general
increase in biomass C in each of sampling periods.
Soil microbial biomass increased during incubation
experiment in the amended due to amounts of high
available C and nutrient in sewage sludge but
microbial biomass amount decrease in control soils
.Within each sampling period, sites receiving
sludge generally had greater biomass C than those
receiving lower rates. Despite of Ankara and Duzce
region soils, amount of microbial biomass C in soil
receiving different dosage of sewage sludge, are
great in highest dosage (8 ton da-1). In Ankara and
Duzce regions soil, despite of 4 ton da-1 dosage,
resulWVGRQ¶WVKRZDQ\VLJQLILFDQWGLIIHUHQWEHWZHHQ
samples. In these samples results of 4 ton da-1
similar to 8 ton da-1.
At the first of incubation period, between
biomass C of Gaziantep, Lara, Ankara, Karamursel
and Duzce samples that receiving 2 and 4 ton da-1
GRVDJH RI VHZDJH VOXGJH DQG FRQWURO GRQ¶W KDYH
any significant different but the highest dosage
show significant different (P<0,05). At the first day
RI LQFXEDWLRQ SHULRG LQ %DIUD dL÷OL (OD]LJ DQG
Yozgat applied sludge samples increased biomass C
with increasing of sludge dosage. The biomass C
was higher in the amended soils than in the control
soil. The greater biomass C noted at the high
dosage suggested biomass C was stimulated by
amendment of sludge.
The amounts of high available C and nutrient
in sewage sludge can explain the significant
increases of microbial biomass in treated soils. A
negative effect on soil microbial biomass did not
occurred probably because of low heavy metal
concentrations of sewage sludge. Similar results
were obtained by Fernandes et al. (2005) who are
working on sewage sludge with low heavy metal
content.

Soil microbial biomass. When considering
the size of microbial biomass averaged over the
three sampling periods in this study, sludge
application results show significant increase in the
amount of microbial biomass C in soil receiving
different dosage of sewage sludge (Fig.2). Sewage
sludge application significantly (P<0.05) affected
Cmic in soil. The highest Cmic was determined at
the highest treatment (8 t da-1) and lowest Cmic at
control. Examining the microbial biomass C

Soil
LSD<0.05

G
19,587

L
11,577

A
17,858

K
10,483

B
11,05

Ç
8,723

Y
16,459

FIGURE 2
Changes of microbial biomass C content (LSD (P <0.05).
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values for CO2 production was found in 8 ton/da
sewage sludge dosage in all soil samples and show
significant differences (P<0,05) . CO2 production
increased during incubation experiment in both the
amended and control soils due to increasing of
microbial activity because substrate was available
to sustain microbial biomass. In all soil samples, the
sewage sludge-amended soil presented levels of
CO2 production significantly increase during
incubation period (P<0, 05).
The sewage sludge applications have made
positive impact on soil respiration as well as
microbial biomass. This impact arises from
increasing of organic matter and nutrient content
which stimulate the microbial activity. The
stimulated microbial activity causes more microbial
biomass cycle, and so more respiration in the soil
[13]. The results obtained in the present study are
similar to those by Chander and Brookes (1991),
Fliessbach et al. (1994), Banerjee et al. (1997),
Lorenzi and Lambais (2001) and Lopes (2001),
who verified that the application of sewage sludge
favored an increase in microbial biomass, as well as
the activity of soil microorganisms, probably
because the activity of soil microorganisms was
stimulated by the presence of organic matter from
the sludge. In contrast to microbial biomass, basal
UHVSLUDWLRQLVFRQVLGHUHGWRUHÀHFWWKHDYDLODELOLW\RI
C for microbial maintenance and is a measure of
the basic turnover rates in soil [23].

Microbial biomass is considered to be a better
indicator of soil fertility than Corg, as it responds
more rapidly and more sensitively to changes in soil
management [18, 39]. Microbial biomass C
contents increased with the addition of sludge. That
is up to the studied dose no inhibitory effect
occurred, differently from what was observed by
Brookes and McGrath (1984), who verified a
reduction in soil microbial biomass (of up to 50%),
suggesting a toxic effect due to the presence of
heavy metals. In an evaluation of the effects of
sludge application on the biomass, Chander and
Brookes (1991) reported that the microbial biomass
decreased in soils treated with sludges rich in heavy
metals and that this reduction was greater in sandy
than in clayey soils. Khan and Scullion (2000) also
found decreases in the microbial biomass of sandy
soils contaminated with metals.
CO2 production. Sewage sludge application
significantly (P<0.05) affected CO2 production in
soil (Fig.3). The highest CO2 production was
determined at the highest treatment (8 t da-1) and
lowest CO2 production at control in all soil samples
in spite of Bafra and Yozgat samples. While 8 t da-1
applications increased CO2-production compared to
control in all sample, in Bafra and Yozagat
amended samples, CO2-production compared to
FRQWUROGRQ¶WKDYHDQ\VLJQLILFDQWGLIIHUHQW
In Ankara and Duzce soil samples, between
amended samples (2 and 4 ton da-1) and control
GRQ¶W KDYH DQ\ VLJQLILFDQW differences. The highest

Soil
LSD<0.05

G
25,085

L
25,942

A
22,777

K
15,915

B
17,32

Ç
9,23

Y
16,51

E
48,178

D
10,8

FIGURE 3
Changes of CO2 production content (LSD (P<0.05)).
Bafra regions soil, at the first and 60th day of
incubation period between control and amended
VRLO VDPSOHV DUHQ¶W VLJQLILFDQW different, but at the
end of the incubation period, there was significant
different between control and amended soil samples
(P<0.05). In Ankara and Bafra regions amended

Soil metabolic quotient (q CO2). The
metabolic quotient (qCO2) increased during
incubation experiment in both the amended and
control soils and amount of qCO2 was higher in the
amended soils when compared with the control
soils (P<0.05; (Fig.4)). In Ankara, Karamursel and
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was found in 2 ton da-1 dosage of sewage sludge,
WKH RWKHU DPHQGHG VRLO DQG FRQWURO GRQ¶W KDYH
significant different (P<0,05). In Duzce region soil
samples, at the first day of LQFXEDWLRQSHULRGGRQ¶W
have any significant differences, at the rest of
incubation periods the greater qCO2 noted at the
high dosage suggested.

samples, qCO2 amount increase depend on sewage
sludge dosage and in Karamursel samples soil,
qCO2 amount decrease depend on sewage sludge
GRVDJH ,Q dL÷OL DPHQGHG VRLO VDPSOHV WKH lowest
value for qCO2 was found in 120th day of
incubation in all amended and unamend soil
samples (P<0,05 ,Q(OD]Õ÷GHPDQGHGVRLOVDPSles
in all incubation period, the lowest value for qCO 2

Soil
LSD<0.05

G
0,021

L
0,019

A
0,011

K
0,034

B
0,010

Ç
0,024

Y
0,011

E
0,041

D
0,009

FIGURE 4
Changes of qCO2 content (LSD (p <0.05)).

correlation between qCO2 and microbial C content,
pH and clay content [2, 47].

From the data obtained, it can be verified that
(i) soil microbial biomass values for C varied
significantly with different sewage sludge doses
and sampling sites, (ii) the basal respiration, q CO2
and soil enzymatic activity increased as the sewage
sludge doses added to the soil increased.
The qCO2 was higher in the amended soils
when compared with the control soils. Increases in
qCO2 are often considered to be connected with
stress, either by increasing the maintenance
demands of the prevalent community, or by a
change in the community structure. It is assumed
WKDW WKH PHWDEROLF HI¿FLHQF\ RI D PLFURELDO
FRPPXQLW\ LV UHÀHFWHG LQ LWV VSHFL¿F UHVSLUDWLRQ
rate. The highest qCO2 values were determined in
soils from the area that had been receiving greater
sludge applications, differing statistically from the
other treatments. The smallest qCO2 values were
obtained in the control, which was statistically
different from treatments that received sewage
sludge applications. Such results are according to
data obtained by Pascual et al. (1997) and Lopes
(2001), who found higher qCO2 values for soils that
received the higher sewage sludge doses. The qCO2
was correlated with the microbial biomass C
content (r=0.9-0.6; P<0.05) in Gaziantep, Ankara,
.DUDPXUVHO dL÷OL DQG (OD]ÕJ UHJLRQV VRLO DW WKH
end of incubation period. Several studies show

CONCLUSIONS
Sewage sludge applications significantly
increased microbial biomass, CO2 production, and
enzyme activity in soil. This positive effect
probably resulted from high organic matter content
of sewage sludge. In addition, low heavy metal
concentration and only one application of sewage
sludge were important factors on microbial activity
in soil. In order to determine influence of treated
sewage sludge (TSS) rates on total and available
heavy metal concentrations in a sandy loam soil,
the experiment was conducted in the experimental
fields in Izmir, Turkey. Increasing TSS applications
to soil resulted in significantly increased
concentrations of total Zn in soil as average of 5
sampling periods. However, concentrations of total
Cu, Cd, Cr, Ni and Pb in soil did not significantly
change. Total heavy metal concentrations in soil
were found under threshold values for all sampling
periods in this study. Increasing treated sewage
sludge aplications were significiantly increased
available (diethylenetriaminepentaacetate-DTPA-
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extractable) Cu, Ni and Zn concentrations in soil as
average of 5 sampling periods when compared with
control. However, available Cd, Cr and Pb
concentrations in soil did not change significantly
[13]. We hypothesize that the disagreeing results
are due to different heavy metal form present in the
soil and because in our study, metal quantities
incorporated into soil were smaller. Besides,
Chander and Brookes (1991) and Khan and
Scullion (2000) introduced heavy metals into the
sludge by salt addition, whereas in our study,
metals were already present in the sludge, possibly
resulting in different effect on the microbes. Giller
(1998) also reported a decrease in microbial
biomass values with the application of high sewage
sludge doses to the soil.
Overall, our results have shown that the
addition of organic residues to an agriculture soil
has a variety of effects on microbial biomass C, soil
respiration and enzyme activities. Soils amended
with sewage sludge can improve soil quality,
increasing the organic matter content of degraded
soils and improving soil biological and biochemical
properties. However, the wide variety of substances
such as heavy metals and other potential pollutants
in municipal solid waste limits the use of these
residues. Consequently, there must be a quality
control of sewage sludge in order to minimize the
risk of inhibiting essential biogeochemical
processes as well as contributing to environmental
pollution. Consequently, mineralization of organic
PDWWHUPD\SURYLGHWRVXEVWUDWHVIRUȕ-Glucosidase
[19] and microbial growth and therefore biomass C
increase. At present, many risk assessments and
regulations for the applications of sewage sludge in
many countries are based on total and available
metal concentrations in soil [32].
Changes in quality and quantity of soil organic
matter occur slowly. These relatively small changes
in organic matter content are difficult to quantify in
short term studies because they are small relative to
large background of organic matter and the natural
soil variability [6]. Microbial biomass can serve as
an indicator of change in other soil properties [6],
and the alteration in the size of microbial biomass
in soil biological characteristics [11].
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ABSTRACT

INTRODUCTION

Groundwater is a part of hydrologic cycle and
plays an important role in shallow water table areas
where atmosphere evaporation is strong. A field
observation of groundwater evaporation rate was
achieved by lysimeters from July to early
September, and it was also simulated by
Averiyanov and Lei equations, and corresponding
modified equations. The study consisted of six
treatments: two surface conditions, (1) bare soil,
with water tables at depths of 1.0 m, 1.5 m, and 2.0
m; and (2) plastic mulch, with a water table at 1.5
m but with three percentages of open areas (POAs)
in the plastic. The results indicated that
groundwater evaporation rate decreased with
increase of water-table depth, and with decrease of
POA. Parameter E0 in both models was
recommended to view as water surface evaporation
rate for clay loam. Averiyanov and Lei equations
had high accuracy in groundwater evaporation
simulation, and fitted values obtained from
Averiyanov and Lei equations and corresponding
modified equations had good agreements with
measured values with relative error of 2.40±
18.61%. For bare soil treatments, both Averiyanov
and Lei equation were suitable for simulation with
relative error of 2.40±10.00%, and Averiyanov
equation was more accurate when water table < 1.5
m. For plastic mulch treatments with POAs of
0.78%, 2.40% and 5.00%, modified Lei equation
was suitable for simulation with relative error of
8.33, 6.98 and 1.75%. However, an overestimation
for 2.40% and 5.00% treatments occurred, with
relative error of 18.61 and 10.53%, when using
modified Averiyanov equation.

The contribution of groundwater to the soilwater balance plays an important role in arid and
semi-arid regions [1, 2], such as the Xinjiang
Uyghur Autonomous Region of northwestern China
where rainfall is limited, potential evaporation is
high, and the water table is shallow. In this area, the
phreatic water consumption is largely determined
by water supply to upper soil but hardly by
percolation to lower soil. However, cultivated soil
in Xinjiang is saline, and the soluble salts in the
groundwater or soil easily move upwards with
water flow under strong evaporation, ultimately
accumulating on the surface, and are likely to
salinize the soil [3, 4]. Salinity is a serious and
chronic problem significantly affecting agricultural
productivity in arid and semi-arid regions [5-7]. So,
a quantitative analysis on groundwater evaporation
rate is very important.
Direct measurement of evaporation in field
scale is costly, time consuming and even usually
impractical, which requires effective and simple
simulation. Some models, such as the Averiyanov
equation and the Lei equation, are widely used and
available to estimate groundwater evaporation, but
they are always useful for bare soil [8, 9]. However,
making studies on groundwater evaporation only
under bare soil is not enough, because film-covered
planting pattern has been widely accepted in the
world. Mulching with plastic film tends to conserve
water, inhibit salinization, and improve the physical
condition of the soil [10, 11].
In this study, daily groundwater evaporation
rate was measured using lysimeters [12-14] and
estimated using Averiyanov and Lei equations in
order to (1) quantitatively analyze on the
characteristics of groundwater evaporation rate
under bare and film-covered ground conditions; (2)
evaluate applicability of Averiyanov and Lei
equations in simulating groundwater evaporation
under bare soil condition; and (3) propose new,
simple and acceptable models for simulating
groundwater evaporation under plastic mulch
condition.

KEYWORDS:
Evaporation rate; Modelling; Averiyanov equation; Lei
equation
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typical temperate continental desert climate with
mean annual temperature of 11.5 °C and a mean of
3036 hours of sunshine per year. The mean annual
precipitation and potential evaporation are
approximately 58.6 and 2788 mm, respectively.
The depth of the water table ranges from 1.0 to 3.0
m and usually averages over multiple years at < 2.5
m in approximately half of the area.

MATERIALS AND METHODS
STUDY AREA
The field experiment was conducted at the
%D]KRX ,UULJDWLRQ ([SHULPHQWDO 6WDWLRQ ƍ 1
ƍ (  P DVO  LQ WKH WRZQ RI ;LQLU LQ
Korla, in the Xinjiang Uyghur Autonomous Region,
northwestern China (Fig.1). The study area has a

FIGURE 1
Location of the experimental region.

LYSIMETER SYSTEM

TREATMENTS AND OBSERVATIONS

The lysimeter system consisted of soil
cylinders, with heights of 1.0, 1.5 and 2.0 m, and of
rectangular soil containers, with lengths and widths
of 1.5 and 1.0 m, respectively. The whole system
contains soil containers, a water supply and
monitoring equipment. The monitoring system was
installed mainly in an underground compartment,
and the surface of each soil container was flush
with the ground surface. Each soil container sat on
a 0.3 m base, containing a filter layer of gravel and
sand. A graduated Mariotte bottle connected to the
soil container maintained a constant water table and
monitored the amount of water (groundwater)
supplied to each container. The experimental soil
was collected from a nearby field, air-dried, sieved
through a 2 mm screen, and then compacted into
the lysimeters. The experimental soil was clay loam
with a distribution of particle sizes of 46.4 % 0.02±
2 mm, 38.5 % 0.002±0.02 mm, and 15.1 % < 0.002
mm. The initial conditions of all containers were
same due to the same amount of irrigation before
the trial.

The field experimental treatments included
two surface conditions, three depths of water tables,
and three percentages of open areas (POAs) in the
plastic. These six treatments each had three
replicates. The two surface conditions were (I) bare
soil, and (II) plastic-sheet mulch with different
POAs but without plants. The depths of the water
tables, based on the range of the local water tables,
were set at 1.0, 1.5, and 2.0 m in I and at 1.5 m in II
(Table 1). In this field experiment, water from local
crop-land channels, with the total dissolved solid is
0.74 g L-1, was selected as the source of
groundwater to lessen the effects of salt on water
transport [15].
The field observation was commenced
towards July and continued up to early September
because of typical evaporation time in summer
when there was no rainfall but severe dry climate,
high temperature and the strongest evaporation rate.
Daily groundwater evaporation rate was calculated
according to the water loss from the Mariotte bottle
records. The water surface evaporation rate (WSE),
which represents the daily atmospheric evaporation
rate, was meantime measured by a volatilizer 20
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mm in diameter using a weighing method. Also,
soil surface evaporation rate with water-table depth

of zero (SSE) was measured.

TABLE 1
Experimental treatments with different water tables and surfaces.
Category
I

II

Treatments
Water table (m)
Surface
1
1.0
2a
1.5
Bare soil
3
2.0
4
0.78% POA b
5
1.5
Plastic mulch
2.40% POA
6
5.00% POA
(a) Treatment 2 could be considered as a plastic mulch design with POA of 100%. (b) POA, percentage of
open area in plastic, i.e. the ratio of the total area of the holes to the total surface area × 100.

described through influence coefficient of film, as
described in Eq.5.

MODELS
Averiyanov Equation. Averiyanov et al [16]
pointed out that there was a power function
between groundwater evaporation rate and water
table (Eq.1).

§
H ·
E0 ¨1 
¸
© H max ¹

E

C Emulch Ebare

(5)
where C is influence coefficient of film; Emulch is
steady groundwater evaporation rate under plasticsheet mulch condition (mm d-1); Ebare is steady
groundwater evaporation rate under bare soil
condition (mm d-1).

n

(1)
where E is groundwater evaporation rate (mm d-1);
E0 is WSE or SSE (mm d-1); Hmax is extinction
depth of groundwater evaporation rate (m); H is
actual water-table depth (m); n is a coefficient
related to soil texture.

RESULTS AND ANALYSES
Validation of parameter E0. The above two
models both contain parameter E0, and the two
different meanings of E0 may have dramatically
influences on accuracy of groundwater evaporation
rate, which firstly requires a calibration and
validation of E0.
As for Averiyanov equation, an exponential
function relationship between average groundwater
evaporation rate and water-table depth was found
(Eq.6) based on bare-soil data.

Lei Equation. Lei equation was established
based on the theory of steady flow in unsaturated
soil by Lei et al [17] (Eq.2). Parameter Emax and Ș
could be described as shown in Eq.3~4,
respectively.

Emax 1  e K E0

E
Emax

K

e

AH
 1 Emax

Emax

(2)

m

E 7.55e1.13H (R2=0.986)

(3)

(6)
Eq. 6 indicated that E will tend to zero when
H tends to infinity, so extinction depth could be
defined as a depth where E decays to nearly zero
[13, 18]. The change of groundwater evaporation
rate was only 0.1 mm d-1 when water table reduced
by 1 m according to dE/dH=-0.1, the corresponding
depth could be thus viewed as extinction depth. In
this way, the extinction depth of groundwater
evaporation rate was computed to 3.93 m of local
area. And then parameter n in Averiyanov equation
could be fitted listing in Table 2, which indicated
that E0 should be preferred WSE to SSE when using
Averiyanov equation due to lower R2 in SSE than
WSE. A lower accuracy from SSE may be caused
by the influences of soil thermal capacity and soil
surface reflectivity.

n

(4)
where E is groundwater evaporation rate (mm d-1);
Emax is limiting evaporation rate at water-table
depth of H (mm d-1); E0 is WSE or SSE (mm d-1); H
is actual water-table depth (m); Ș, m, n and A are
coefficients related to soil property.
Modified equation. The surface condition of
bare soil is changed when spreading out plastic film
on soil. Therefore, effects of plastic-sheet mulch on
evaporation suppression should be taken into
account when simulating groundwater evaporation
rate under film-covered ground condition because
plastic mulch could prevent water loss. So, the
impact of film on water evaporation could be
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As for Lei equation, parameter Emax and Ș
were firstly computed listing in Table 3. Fitted
groundwater evaporation rate was thus obtained
from Eq.2 based on parameter Emax and Ș. The R2
between measured and fitted E was higher when

viewing E0 as WSE, indicating that E0 should also
be preferred WSE to SSE when using Lei equation
for computation of groundwater evaporation rate of
clay loam in Xinjiang.

TABLE 2
Fitted values of parameter n in Averiyanov equation under two meanings of parameter E0.
Equation

E

§
H ·
E0 ¨1 
¸
© H max ¹

n

Parameter E0

n

R2

WSE a

4.38

0.851

SSE b
0.65
0.418
(a) WSE, water surface evaporation rate; (b) SSE, soil surface evaporation rate with water-table depth of
zero.

TABLE 3
Fitted values of parameter Emax and Șin Lei equation under different water tables.
H (m)
Emax (mm d-1)
Ș

1.0
2.56
0.918

1.5
1.35
0.453

2.0
0.85
0.215

with increasing water table (Table 4). Furthermore,
average fitted value from Averiyanov equation
better matched measured values than from Lei
equation, however, daily fitted values from
Averiyanov equation showed stronger fluctuations,
because groundwater evaporation rate was sensitive
to water surface evaporation rate (i.e. parameter
E0), and was also sensitive to meteorological
conditions. Yet, as for Lei equation, groundwater
evaporation rate was affected by interaction of
limiting evaporation rate (i.e. parameter Hmax) and
water surface evaporation rate (i.e. parameter E0),
namely by water depth and meteorological
conditions, which may result in relative steady daily
fitted values. Overall, both Averiyanov and Lei
equations had satisfying simulation results, but
Averiyanov equation was more accurate when
water table was located at a shallower depth.

Observations and simulations for bare soil
treatments. For the treatments with water-table
depths of 1.0 m, 1.5 m and 2.0 m, fitted
groundwater evaporation rate obtained from
Averiyanov and Lei equations both showed good
agreement with the measured values in general
(Fig.2). Relative error (absolute value) obtained
from Averiyanov and Lei equations only ranged
from 2.4% to10.0% satisfying precision (Table 4).
Fig. 2 showed that as for the treatments with
water table of 1.0 m, average groundwater
evaporation rate was 2.46 mm d-1 in July and 3.96
mm d-1 in August, indicating a sharp increase in
August, because groundwater evaporation rate was
easily affected by meteorological factors when
water table was very shallow. Similarly,
simulations of both models matched observations
with small errors. As for the treatments with water
tables of 1.5 m and 2.0 m, average groundwater
evaporation rate was 1.10 and 0.46 mm d-1 in July,
respectively, and 1.60 and 0.70 mm d-1 in August,
respectively, indicating a steady increase
throughout the experimental period, which was
similar as the descriptions given by Romano and
Giudici [19] and Satchithanantham et al [20].
Simulations of both models for 1.5-m treatment
well matched with observations, however,
simulations of Averiyanov equation for 2.0-m
treatment showed obvious deviations from
observations in August.
For the treatments with water tables of 1.0 m,
1.5 m and 2.0 m, simulation accuracy increased

Observations and simulations for plastic
mulch treatments. For the treatments with POAs
of 0.78%, 2.40% and 5.00%, simulations from both
modified equations well matched observations in
general, but the simulation accuracy from modified
Lei equation was higher than from modified
Averiyanov equation (Fig.3 and Table 4).
Fig.3 showed that as for the treatments with
POA of 0.78%, daily measured value ranged from
0.06 to 0.65 mm d-1 and average value was 0.36
mm d-1 during experimental period, which was
smaller than with POA of 2.40% and 5.00%,
because larger area of covering caused smaller
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soil in Xinjiang, the soluble salt in soil was carried
by the upward water flow accumulating on soil
surface finally forming salt crust around punched
holes, which in turn directly inhibited upward flow
from groundwater [21, 22]. However, simulation
accuracy from modified Averiyanov equation was
poorer than from modified Lei equation for this
special feature.

amount of water loss. It could also be found that
there was a best consistency between measured and
fitted values. As for the treatments with POAs of
2.40% and 5.00%, there was not a continuous
increasing tendency from beginning to end although
atmosphere evaporation capacity in August was
stronger than in July; oppositely, it showed at some
extent decreasing tendency in mid-to-end of
August. This may be explained that as for saline

5

Groundwater evaporation rate (mm d-1)

Groundwater evaporation rate (mm d-1)
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0
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FIGURE 2
Measured and fitted groundwater evaporation rate for bare-soil treatments with water tables of (a) 1.0 m,
(b) 1.5 m, and (c) 2.0 m.

For the treatments with POAs of 0.78%,
2.40% and 5.00%, modified Lei equation had
higher simulation accuracy than modified
Averiyanov equation in general (Table 4). For the
treatments with POAs of 2.40% and 5.00%, values
of groundwater evaporation rate in mid-to-end of
August were overestimated when modified
Averiyanov equation was selected, because formed
salt crust around punched holes changed POA to
some extent, which had effects on water surface
evaporation rate (i.e. parameter E0), directly
reducing simulation accuracy of modified
Averiyanov equation. This indicated that modified

Averiyanov equation was less accurate than
modified Lei equation for the treatments of plastic
mulch with opening holes. Overall, modified Lei
equation was recommended for film-covered
treatments with POA less than 5.00%. However,
simulation accuracy of the film-covered treatments
with larger POA needs to be further studied due to
larger amount of salt crust accumulating on soil
surface around punched holes [23].
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significant role in hydrologic cycle. Plastic mulch
with open holes is closer to real film-covered
planting pattern, so, the characteristic of
evaporation from film-covered soil with punched
holes
is
worth
being
researched.

CONCLUSIONS
Groundwater has been considered as a resource for
decades, and upflow plays an indispensable role in
contributing to soil even crop water use in shallow
buried area. Evaporation from bare soil plays a

1.2
Groundwater evaporation rate (mm d-1)

Groundwater evaporation rate (mm d-1)
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FIGURE 3
Measured and fitted groundwater evaporation rate for plastic-mulch treatments with POA of (a) 0.78 %,
(b) 2.40 %, and (c) 5.00 %. POA is percentage of open area in the plastic mulch.

TABLE 4
Average measured and fitted values of groundwater evaporation rate during experimental period for
bare-soil and film-covered ground treatments.
Fitted values (mm d-1)
Water-table (m) / POA Measured values
-1
(%)
(mm d )
A-E / M-A-E
L-E / M-L-E
1.0
3.34
3.26
3.08
1.5
1.43
1.47
1.31
2.0
0.60
0.54
0.55
0.78
0.36
0.37
0.33
2.40
0.43
0.51
0.46
5.00
0.57
0.63
0.56
A-E and L-E represent Averiyanov and Lei equation, respectively. M-A-E
Averiyanov and Lei equation, respectively.
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Relative error (f%)
A-E / M-A-E
L-E / M-L-E
2.40
7.78
2.80
8.39
10.00
8.33
2.78
8.33
18.61
6.98
10.53
1.75
and M-L-E represent modified
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These observation and simulation results
demonstrated that on the one hand, groundwater
evaporation rate decreased with increase of watertable depth and with decrease of POA ranging from
5.00% to 0.78%. Furthermore, as for saline soil,
accumulated salt crust on soil surface around
punched holes had effects on evaporation
suppression. On the other hand, daily groundwater
evaporation rate was simulated using Averiyanov
and Lei equations, and modified Averiyanov and
Lei equations. Firstly, as for clay loam in Xinjiang,
parameter E0 in both equations was recommended
to view as WSE instead of SSE, which resulted in
higher simulation accuracy. Secondly, Averiyanov
and Lei equations had satisfying accuracy in
simulating groundwater evaporation rate under bare
soil condition, but Averiyanov equation was the
proposed model when water table was less than
1.5m. Thirdly, as for the plastic mulch treatments,
modified Lei equation was more accurate than
modified Averiyanov equation, and overestimation
of modified Averiyanov equation occurred in midto-end of August.
Application of Averiyanov and Lei equations
in simulating groundwater evaporation rate of bare
soil is becoming popular these years in China.
However, application of modified Averiyanov and
Lei equations in simulating groundwater
evaporation rate of plastic mulch is still waiting for
promotion. From the simulation results, Averiyanov
and Lei equations and corresponding modified
equations are worth being applied into a wider
range due to satisfying simulation accuracy.
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guaranteed by using good forecasting techniques
[5]. Several techniques can provide superior
forecast accuracy. It is important to consider the
statistically similarity of the generated data with the
observed one when generating synthetic data for a
hydrological variable [6]. One of the most famous
methods which are used in streamflow simulation is
autoregressive
integrated
moving
average
(ARIMA). A modification to this model was done
and first described by Matalas [7] and adapted to
daily weather by Richardson [8]. Multisite Matalas
modification was applied for climatic changes
scenarios simulation, water demand forecasting and
synthetic streamflow generation by many
researchers [9, 10]. This modification enabled
consisting of more than one series into the
simulation operation by considering the cross
correlation between different series. Arslan [9]
applied this model to forecast water demand in
Kirkuk city for ten years ahead, while this model
was used by the same researcher to simulate
climatic factors at Tuzkhormatoo region northern
Iraq successfully [11]. In recent years artificial
neural networks models were used widely in
forecasting and simulation of streamflow and their
property to approximate complex and nonlinear
equations makes it a useful tools in econometric
analysis. Neural Network have become popular in
the world of forecasting because of their nonparametric approach [12] as well as their ability to
learn the behavior of the series, when properly
trained. Many researches [13] have been made to
compare Neural Networks with statistical tools.
Karunanithi et al. [14] proved the efficiency of the
Artificial neural networks (ANNs) when compared
with traditional methods for modeling qualitative
and quantitative water resource variables. Maier
and Dandy [15], Shamseldin [16], Olsson et al. [17]
also used this technique successfully. Zealand et al.
[18] investigated the performance of the ANN
trained with back-propagation algorithm for 1week-ahead streamflow forecasting. Imrie et al.
[19] used the cascade correlation and backpropagation algorithms in Hourly River flow
prediction. Modarres [20] used a multiplicavite
seasonal autoregressive integrated moving average
(SARIMA) model to estimate monthly streamflow
of the Zayandehrud. They found the usefulness of

ABSTRACT
Forecasting of streamflow can have a
significant economic impact, as this can help in
water management and can be helpful tool to
provide protection from water shortages and
possible flood damage. In recent work the artificial
neural networks different models with different
training algorithms were examined to simulate
Tigris River using the cross correlation between the
flow of different sites or gauge stations. The
challenging task in this work was to improve the
forecasting models to generate a future series by
ANNs models by using input parameters from
nearby sites. Therefore the best conventional
method to compare and judge the results was
selected to be the 1st order autoregressive moving
average Matalas which deals with multi variables as
input parameters and generate future series for
these variables at the same time. The traditional
architecture of ANNs models were also a good
comparison tools to decide the new multisite ANN
models success. It was concluded from this study
that consisting nearby sites monthly flow series as
input parameters in ANN architecture after
investigating the cross correlation between the
VHULHV¶V PD\ OHG WR PRUH VXFFHVVIXO IRUHFDVWLQJ
models. This can also provide a good promise to
predict ungauged flow values in some sites which
are suffering from missed data by using the flow
values from nearby stations.

KEYWORDS:
Artificial neural network, Matalas, multisite, streamflow

INTRODUCTION
The most challenging task for water resources
engineers and managers is a streamflow forecasting
which is really an important component of water
resources system control [1, 2, 3, 4]. An accurate
forecasting results provide an efficient operation of
water resources systems within technical,
economical, legal, and political priorities. Also a
provision of a good basis for proper control and
management of the water resources system could be
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environment. iii) ANNs can generalize from
previous examples to new ones. Generalization is
useful because real-world data are noisy, distorted,
and often incomplete. iv) ANNs are also very good
at the abstraction of essential characteristics from
inputs containing irrelevant data. v) They use nonlinear relations, which mean that they can solve
some complex problems more accurately than
linear techniques do. Finally, ANNs contain many
identical, independent operations that can be
executed simultaneously, often making them faster
than alternative methods [18]. The most widely
used ANNs for time series forecasting are
Multilayer Perceptrons (MLPs). These are
characterized by the feed forward architecture of an
input layer, one or more hidden layers, and an
output layer. The nodes in each layer are connected
to those in the immediate next layer by acyclic
links. In practical applications, it is enough to
consider a single hidden layer structure [22]. A 3layer, feed-forward ANN is shown in Fig. 1. It has
input, output, and hidden layers. Each neuron in a
layer is connected to all the neurons of the next
layer, and the neurons in one layer are not
connected among themselves. The data passing
through the connections from one neuron to another
are multiplied by weights that control the strength
of a passing signal. When these weights are
modified, the data transferred through the network
changes; consequently, the network output also
changes. The signal emanating from the output
node(s) is the network's solution to the input
problem [23].

SARIMA models in forecasting, water resources
planning and management. Dehghani [21]
developed a dynamic linear spatio-temporal model
(DLSTM) to estimate monthly streamflow.
In recent work the artificial neural networks
different models were examined to simulate Tigris
River using the cross correlation between the flow
of different sites or gauge stations .The
challenging task in this work was to improve the
forecasting models to generate a future series by
ANNs models by using input parameters from
nearby sites. Therefore the best conventional
method to compare and judge the results was
selected to be the 1st order autoregressive moving
average Matalas which deals with multi variables
as input parameters and generate future series for
these at the same time. Also a traditional
architecture of ANNs models with different
training algorithms were a good comparison tools
to decide the new multisite ANN models success.

MATERIALS AND METHODS
Artificial Neural Networks. ANN models
attempt to achieve good performance through dense
interconnections of simple computational elements.
The ANNs architectures are dependent on the
understanding of the human brain nervous systems.
ANNs characteristics can be explained by
followings. i) They infer solutions from data
without prior knowledge of the regularities in the
data. ii) ANNs learn the similarities among patterns
directly from past examples of them. ANNs can
improve their behavior in response to the

FIGURE 1
Description of a multi-layered ANN architecture with neuron sketch.

The neurons in the networks are interconnected
using weight factors (wij). A neuron (j) in a given
layer receives information (xi) from all the neurons
in the preceding layer (Fig. 1). It sums up
information
(netj)
weighted
by
factors
corresponding to the connection and the bias of the
OD\HU șM DQGWUDQVPLWVRXWSXWYDOXHV \j) computed

through applying a mathematical function (f(.)) to
net j, to all neurons of the next layer [24]. This
process is formulated in Eqs. 1-2, and illustrated in
Fig. 1.
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net j

n

¦ xi wij

i 1

Xt, Xt-1 will be vectors with dimension of m u 1
of the dependent stochastic component at time t, t-1
for the monthly values of the flow at different sites,
m represents the number of sites, et is the
independent stochastic component of the flow at the
mentioned sites at time t [27]. Where A, B are (m u
m) matrices and could be found by using the
equations below:

T j

(1)

yi

f (net j )

(2)
Artificial
Neural
Networks
(ANN)
Architecture. The number of neurons in the ANN
layers has an effective role on the network
performance. The number of neurons in the input
layer represents the number of independent
variables, and the number of output neurons is
equal to the number of dependent variables
especially in estimation and simulation problem.
However, there is currently no explicit rule to
detect the number of hidden neurons in the hidden
layer(s).The number of hidden layer(s) and neurons
in the hidden layers are generally detected by a
process of trial and error. The influence of the
number of neurons in the hidden layer on the
performance of the network is quite complicated. If
the architecture of ANN model is too simple, the
trained network does not have sufficient ability to
learn the relationship of inputs and outputs.
Whereas, if the architecture is too complex, the
training of the network will be over fitted or the
model will not converge to the goal error [25].

A M 1 ( M 0 ) 1
(4)

BB T
(5)

And M0 is the lag zero cross correlation matrix
(m*m), M1 is the lag one cross correlation matrix
(m*m). While A can be estimated directly there are
many assumptions or simplifications to find B. One
of them was the assumption of Young Pisano
represented by assuming triangle matrix. B also can
be estimated by defining a new matrix, Z=BBT [28].
Then by spectral decomposition, Z=CLCT, where C
is the matrix of eigenvectors of BBT and L has the
eigen values of BBT on the diagonal and zeros
elsewhere. Since BBT=Z1/2Z1/2T=Z, B=Z1/2. Then by
*UHHQH¶V 7KHRUHP HVWLPDWHV RI % FDQ WKHQ EH
computed as B=CL1/2CT [28].
The dependent stochastic component X for
each site will be found after a series of stochastic
analysis steps (test of homogeneity, trend analysis,
periodicity test, normalization, standardization). All
these steps will led to generate a data with zero
mean and a unit standard deviation. After these
steps a random series with the same statistical
properties and distribution will be generated and
fitted to Matalas model. By reversing all the steps
of stochastic analysis a new future series will be
generated for each site [9]

ANN Training Process. The ANN weights
can be determined by an operation called training
which is can be described as a calibration of a
mathematical model. The provided weights must be
initialized at the beginning of the process then the
weights are changed by a given algorithm that
ensures satisfying a given difference between the
ANN output and actual output. Many learning
examples are repeatedly presented to the network,
and the process is terminated when this difference
is less than a specified value [23]. Rumelhart et al.
[26] proposed a generalized delta rule for a
backpropagation algorithm to achieve training the
ANN. This algorithm was used in this study. After
training is complete, the ANN performance is
validated. Each designed network in this study were
trained by Levenberg-Marquardt and Scaled
Conjugate Gradient Algorithms

CASE STUDY AND DATA
Tigris River is 1850 km in length, rising in the
Taunus Mountains of Eastern Turkey. The river
flows for about 400 km through Turkey before
entering Iraq. It drains an area of 473,103 km2
which is shared by Turkey, Syria and Iraq, as
shown in Figure 2. About 58% of the basin lies in
Iraq, and no major tributary joins the Tigris south of
Baghdad [29, 30], The area considered in this study
is the Tigris river basin at Baghdad gauge station,
/DWLWXGHƍƎ1/RQJLWXGHƍƎ( ZLWK
134,000 km2 drainage area. Period of record is from
March 1931 to May 2004. The staff gage consists
of enameled iron (1 meter long) strips bolted to the
vertical wall on the left bank of the Tigris River 275
meters upstream of Al-Shohada Bridge. The gage is
set to GTS datum. The automatic gage also is

Multi Site Matalas Model. Any future series
at a number of sites can be generated by using the
most commonly used multisite model which is a 1st
order autoregressive model that was given by
Matalas [7]. This model can be expressed as:

Xt

M 0  A( M 1 )T

AX t 1  Bet

(3)
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and Scaled Conjugate Gradient Algorithms.
Different number of neurons was tested. This
experiment was done just to explore and calibrate
the multisite models which will be described later.

installed at the same location and set to record gage
heights as high as 30.20 meters [31]. The monthly
flow value at this gauge was considered to be
simulated in this study. For the purpose of analysis
and building a new multisite forecasting model, two
nearest gauge stations for the corresponding one
were considered for this simulation. The first site
was selected at latitude 34oƍƎ ORQJLWXGH
34oƍƎZKLFKLVLQGLFDWHGDVWKHIRUPHUVLWHDQG
another one was at latitude 33oƍƎ ORQJLWXGH
45oƍƎ ZKLFK LV LQGLFDWHG DV WKH SRVWHULRU VLte.
Fig.2 illustrates the location of the studied sites.
Experiment I (unique site inputs): In the first
experiment the input and output variables were
fixed to match a conventional form of any ANN
network by using input variables past one to six
periods of monthly streamflow at the main
corresponding site which is named Baghdad station
and described at previous section. The simulated
output was set to be 1-month ahead flow. Input
combination used in Experiment-I is shown in
Table 1. This Experiment was done for the
mentioned ANN algorithm using a three-layer feedforward network with sigmoid hidden neurons. The
network was trained with Levenberg-Marquardt

FIGURE 2
Location of the selected gauge sites on Tigris
River.

TABLE 1
Input combination used in Experiment-I.

Rk ( x, y )

Experiment-I
Model names
Exp.I-M1
Exp.I-M2

Inputs
Baghdad st.
Qt-1
Qt-1, Qt-2

Output
Baghdad st.

Exp.I-M3
Exp.I-M4
Exp.I-M5
Exp.I-M6

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

Qt

N K
ª
«( N  K ) ¦ X tYt  k 
t 1
¬
1/ 2

N K
N K
ª
2
2º
«( N  K ) ¦ X t  ( ¦ X t ) »
t 1
t 1
¬
¼

N K

¦

t 1

Xt

º
¦ Yt  k »
¼

N K

(6)

t 1

1/ 2

N K
N K
ª
2
2º
«( N  K ) ¦ Yt  k  ( ¦ Yt  k ) »
t 1
t 1
¬
¼

different sites [10]. After this step the
autoregressive model parameters were found then
Matalas model was fitted to three flow series at
three different sites. At last three future series were
generated. Although three future series were
generated by this experiment, only one generated
series which is the simulated monthly streamflow
for Baghdad gauge station was considered for the
purpose of analysis since the generated series by
other methods were just for the mentioned site.

Experiment II (Matalas): In this experiment a
brief analysis was done to the streamflow series at
three near stations [Former site (Biji Station) to
considered Baghdad station, Baghdad station and
posterior site (Kut Station) to Baghdad station], the
statistical properties were determined for the
streamflow series at the three gauge stations. The
cross correlation between the three streamflow
series were calculated using the equation below:
Where Rk(x,y) is the lag k cross correlation
coefficient between the two series X and Y which
represent here the monthly flow series at two
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Experiment III (Multi sites inputs): This
experiment was done to investigate capability of
artificial neural networks to consist more than one
streamflow series at different lag times as input
parameters to generate one future series. The input
combination used in ANN multisite models for this
experiment is shown in Table 2.

n

E Nash

1

¦ (Yiobserved

 Yiestimate ) 2

¦ (Yiobserved

 Y estimate ) 2

i 1
n

i 1

(9)
n

R Bias

MODELS PERFORMANCE ASSESSMENT

100 u

¦ (Yiobserved

i 1

 Yiestimate )

n

¦ Yiobserved

i 1

7KH PRGHOV¶ SHUIRUPDQFHV ZHUH DVVHVVHG XVLQJ
mean absolute percentage error (MAPE), mean
absolute error (MAE), Nash-Sutcliffe efficiency
(ENash), bias rate (RBias)
and determination
coefficient (R2) statistical evaluation parameters.

(10)
R2

ªN
« ¦ (Yi
«i 1 observed
¬

º

2

 Y observed )(Yiestimate  Y estimate)»
»
¼

N
N
Y
 Y estimate) 2
) 2 (Yi
¦ (Yi
observed i¦1 estimate
i 1 observed

(11)

1 n Yiobserved  Yiestimate
¦
ni 1
Yiobserved

MAPE

MAE

1 N
¦ Yi observed  Yi estimate
N i 1

(7)

The optimal value of Rbias is 0.0, with lowmagnitude values indicating accurate model
simulation. Positive values indicate overestimation
bias, whereas negative values indicate model
underestimation bias [32, 33]. A brief description of
RBias and ENash was given also by Kalin et.al [34],
this description can be summarized as:

(8)

Very Good (VG)

: E Nash t 0.7

Good (G )

: 0.5 d E Nash  0.7 ;

0.25 d R Bias  0.5

Satisfactory (S)

: 0.3 d E Nash  0.5 ;

0.5  R Bias d 0.7

Unsatisfactory (U )

: E Nash  0.3

R Bias ! 0.7

;

;

R Bias d 0.25

TABLE 2
The architecture of used ANN multisite models.

Exp.III-A1
Exp.III-A2
Exp.III-A3
Exp.III-A4
Exp.III-A5
Exp.III-A6

Exp.III-B1
Exp.III-B2
Exp.III-B3
Exp.III-B4
Exp.III-B5
Exp.III-B6

Exp.III-C1
Exp.III-C2
Exp.III-C3
Exp.III-C4
Exp.III-C5
Exp.III-C6

Input Parameters
Former St. (Biji)
Baghdad St.
Posterior St. (Kut)
Qt-1
Qt-1
Qt-1
Qt-1, Qt-2
Qt-1, Qt-2
Qt-1, Qt-2
Qt-1, Qt-2, Qt-3,
Qt-1, Qt-2, Qt-3,
Qt-1, Qt-2, Qt-3,
Qt-1, Qt-2, Qt-3, Qt-4
Qt-1, Qt-2, Qt-3, Qt-4
Qt-1, Qt-2, Qt-3, Qt-4
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5, Qt-6
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5, Qt-6
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5, Qt-6
Former St. (Biji)
Baghdad St.
Qt-1
Qt-1
Qt-1, Qt-2
Qt-1, Qt-2
Qt-1, Qt-2, Qt-3,
Qt-1, Qt-2, Qt-3,
Qt-1, Qt-2, Qt-3, Qt-4
Qt-1, Qt-2, Qt-3, Qt-4
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5, Qt-6
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5, Qt-6
Baghdad St.
Posterior St. (Kut)
Qt-1
Qt-1
Qt-1, Qt-2
Qt-1, Qt-2
Qt-1, Qt-2, Qt-3,
Qt-1, Qt-2, Qt-3,
Qt-1, Qt-2, Qt-3, Qt-4
Qt-1, Qt-2, Qt-3, Qt-4
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5, Qt-6
Qt-1, Qt-2, Qt-3, Qt-4, Qt-5, Qt-6

1506

output

Baghdad st

Model names

Qt

Experiment-III

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ








Application of Experiment I (unique site
inputs). For the first experiment the network was
trained with Levenberg - Marquardt back
propagation algorithm, Scaled Conjugate Gradient
using different input parameters for the same site
(Baghdad gauge station). For each shown input
combination different number of hidden layer nodes
were examined and the ANN results were
transformed back to the original domain since it
was normalized before using it in the simulation
operation and the MAPE, MAE, ENash, RBias and R2
were computed. The most successful model
structures obtained according to test data from trials
for the first experiment are shown in Table 3 and
R2, MAPE, MAE values are shown in the Fig. 3.

RESULTS
In order to estimate the streamflow of Baghdad
station, the data was made non-dimensional
between 0 and 1 using the following equation,
before applied methods.

X norm

X i  X min
X max  X min

(12)
where Xnorm, Xi, Xmin and Xmax represent
normalized, observed, minimum and maximum
values for all parameters, respectively.

TABLE 3
The results for the 1st experiment.
ANN-LM
Experiment-I

ANN-SCG

ENash

RBias

Performance

0.74
0.71
0.71
0.63
0.72
0.47

7.11
-2.24
-13.18
10.83
-7.03
22.55

VG/VG
VG/VG
VG/VG
G/VG
VG/VG
S/VG

Model
Structure
1-5-1
2-11-1
3-7-1
4-13-1
5- 8-1
6- 8-1

%

Exp.I-M1
Exp.I-M2
Exp.I-M3
Exp.I-M4
Exp.I-M5
Exp.I-M6

Model
Structure
1-11-1
2-9-1
3-11-1
4-13-1
5-8-1
6-5-1

50
45
40
35
30
25
20
15
10
5
0

ENash

RBias

Performance

0.71
0.70
0.59
0.68
0.23
0.16

-2.08
11.63
13.44
7.46
-3.90
4.52

VG/VG
VG/VG
G/VG
G/VG
U/VG
U/VG

LM -M APE

SCG-M APE

streamflow (m3/s)

Exp.I-M 1 Exp.I-M 2 Exp.I-M 3 Exp.I-M 4 Exp.I-M 5 Exp.I-M 6
Model Names

500
450
400
350
300
250
200
150
100
50
0

LM -M AE

SCG-M AE

Exp.I-M 1 Exp.I-M 2 Exp.I-M 3 Exp.I-M 4 Exp.I-M 5 Exp.I-M 6
Model Names

FIGURE 3
R2, MAPE, MAE values of the most successful models in experiment I for testing period.

As can be seen from Table 3 and by referring
to ENash values all the models except Exp.I-M4

proved the high performance of LM algorithm
rather than SCG algorithm. The best model in the
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model were respectively for ENash, R2, MAPE and
MAE as: 0.740, 0.796, 19.55, 132.35. Fig.4
represents the scatter diagram of EXP.I-M1 for the
test period. It can be concluded from the results that
this model overestimated most the flow values
except the peak value which was underestimated.
This fact can be concluded from the positive values
of RBias at Table 3 and Fig.3.

Experiment I was Exp.I-M1 model. This is due
maximum ENash value of this model which is shown
in Table 3 and maximum R2, minimum MAPE and
minimum MAE values which are obvious from Fig.
3.
This model has the architecture as LM (1-11-1)
with one input neuron which was Qt-1, eleven
neurons in the hidden layer and one output neuron.
The results of performance parameters of this
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FIGURE 4
a) The time series of testing data by the LM (1-11-1) model established, for experiment I b) The scatter
diagram.

(QBiji)t-1, (QBaghdad)t-1, (QKut)t-1 and the
considered output is (QBaghdad)t. The results of
testing period are shown in Table 4. Table 4
illustrates the performance results of Experiment II
with values of ENash=0.76 and RBias=22.81 that
reflect the success of the model with very good
(VG) performance. RBias value reflects the
underestimation of the model this can be also
concluded from Fig. 5.

Application
of
Experiment
II
(Matalas). This section will produce the results
of experiment II and III since the input
parameters are slightly different from the
previously input structures. For experiment II
the input parameters were:

TABLE 4
Results of Experiment I.
Model Name

Model input

Exp. II-M1

(QBiji)t-1, (QBaghdad)t-1, (QKut)t-1

ENash
0.76

RBias
-22.81

Matalas
R2
0.61

MAPE
151.79

MAE
22.89

considering one output and multisite inputs. Fig. 5
below shows the comparison between simulated
monthly flow by this method and the observed one.
It is clear from the Fig. 5 that Matalas model
underestimated most flow values.

It is important to notice that the output in this
model (Matalas) are future series for the three sites
flow but we are considering in this study just
Baghdad site monthly flow since the aim of using
this model is to calibrate the ANN multisite model
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FIGURE 5
a) The time series of testing data by the Matalas model established
for experiment II b) The scatter diagram.

was found to be for the Exp.III-B6 model that has
the inputs (Qt-1, Qt-2, Qt-3, Qt-4, Qt-5, Qt-6) for two
sites monthly streamflow which are the former site
(Biji) and Baghdad site monthly streamflow. In
addition to the pervious successful mentioned
models the combination of inputs as Baghdad site
streamflow with the posterior site (Kut) streamflow
only the best performance was found from Exp.IIIC1 model which is the combination of Qt-1 of
Baghdad site streamflow and the Posterior site
(Kut) streamflow. Exp.III-C1 model has been the
most successful model among all multisite models.

Application of Experiment III (Multi sites
inputs). The results for the experiment III are
shown in Table 5. This experiment consists three
separate trials or multisites combinations as shown
in Table 5 with both Levenberg-Marquardt and
Scaled Conjugate Gradient algorithms. By referring
to Table 5 the best results were generated from a
model which is similar to Matalas. According to
ENash value when compared to the LM and SCG
models, LM model has been more successful in all
models. The most successful model is found as
Exp.III-A5 obtained from combination of input
parameters with Qt-1, Qt-2, Qt-3, Qt-4,Qt-5 for the three
sites stramflow. Also another good performance

TABLE 5
Results of experiment III for testing period.

Model
Names
Exp.III-A1
Exp.III-A2
Exp.III-A3
Exp.III-A4
Exp.III-A5
Exp.III-A6
Exp.III-B1
Exp.III-B2
Exp.III-B3
Exp.III-B4
Exp.III-B5
Exp.III-B6
Exp.III-C1
Exp.III-C2
Exp.III-C3
Exp.III-C4
Exp.III-C5
Exp.III-C6

ANN/ Multi site / LM
Model
Structure
3-7-1
6-11-1
9-23-1
12-19-1
15-27-1
18-32-1
2-5-1
4-11-1
6-13-1
8-17-1
10-21-1
12-22-1
2-5-1
4-11-1
6-13-1
8-17-1
10-21-1
12-22-1

ENash

RBias

R2

0.74
0.70
0.62
0.68
0.75
0.65
0.72
0.60
0.72
0.70
0.69
0.75
0.79
0.73
0.71
0.64
0.74
0.69

8.42
9.46
16.75
8.61
4.17
4.44
7.01
6.24
11.11
6.84
1.03
0.26
0.17
10.24
11.24
11.90
6.97
5.47

0.77
0.74
0.73
0.71
0.76
0.66
0.75
0.73
0.76
0.73
0.69
0.75
0.79
0.77
0.76
0.70
0.76
0.70

ANN Multisite /SCG

MAE

MAPE

151.3
157.85
187.94
164.53
144.57
170.21
147.68
147.40
158.93
158.18
162.07
129.94
116.14
147.48
160.02
180.93
151.19
162.20

23
24
29.85
24.00
21.36
25.97
21.47
19.24
24.10
23.95
24.11
18.55
15.95
21.43
24.05
27.81
22.92
24.53

1509

Model
Structure
3-7-1
6-11-1
9-8-1
12-9-1
15-12-1
18-7-1
2-12-1
4-11-1
6-16-1
8-9-1
10-8-1
12-7-1
2-8-1
4-8-1
6-11-1
8-11-1
10-11-1
12-13-1

ENash

RBias

R2

MAE

MAPE

0.54
0.52
0.67
0.61
-2..21
-2.29
0.49
-2.29
0.61
0.37
-2.29
0.25
0.63
0.66
0.59
0.56
0.35
0.59

7.97
11.00
8.34
5.34
-77.28
-77..56
9.06
-77.28
10.67
2.55
-77.28
7.49
3.58
9.05
7.30
11.36
15.70
8.05

0.46
0.57
0.70
0.62
0.13
0.15
0.54
0.12
0.67
0.43
0.19
0.29
0.64
0.61
0.61
0.61
0.44
0.62

183
197.08
165.12
182.02
554.7
456
208.22
580.66
175.53
214.60
580.66
239.83
170.39
189.80
178.91
200.04
251.35
188.57

28.9
30.25
24.97
27.20
64.9
72.9
30.93
72.84
26.48
30.15
72.84
36.29
24.89
25.43
26.48
31.40
40.29
29.21

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ












\ [
5 



0XOWLVLWHV/0



(VWLPDWHG P V

PRQWKO\VWUHDPIORZ P



V

2EVHUYHG









































2EVHUYHG P V

P RQWKV

(a)

(b)
FIGURE 5
a)The time series of testing data by the LM (2-5-1) model established for experiment III b) The scatter
diagram.

5-1) network architecture due to maximum ENash
and R2, minimum MAPE and MAE values.

The Exp.III-C1 model performance can also be
considered as very good (VG), since the value of
ENash was 0.79 and RBias was 0.17. This model
which was trained by LM algorithm has a structure
(2-5-1) with two input neurons which are
QBaghdadt-1, QKutt-1 with five neurons in the
hidden layer and one output neuron. The RBias value
for this model was 0.17 which reflects that the
model overestimated the flow value, this is obvious
from Fig.5 also. Fig. 5 shows the comparison
between the best multisite model with the observed
one. It is really obvious that the streamflow values
of the former and the posterior sites have effective
role in predicting and simulating the monthly
streamflow values of Baghdad gauge station.
The performance parameters of the most
successful models for Exp.I, Exp.II and Exp.III
models are shown in Fig.6. This figure clarifies the
high success of Exp.III-C1 model which has LM(2-

CONCLUSIONS
The performance of different ANN architecture
was investigated in monthly streamflow
forecasting. The monthly flow values of Tigris
River at Baghdad gauge station were used as a case
study. The results indicated to the followings:
1. The Levenberg±Marquardt algorithm takes a
small fraction of the time taken by the other
algorithm for training of the network especially for
training of multisites input parameters.
2. The success of new multisite ANN structure was
proven by consisting nearby sites monthly flow
series
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FIGURE 6
Performance criteria of the most successful models for all methods used.

as input parameters after investigating the cross
FRUUHODWLRQEHWZHHQWKHVHULHV¶V

3. The stochastic analysis and the conventional
autoregressive models are still perfect models to fit
future streamflow and they are also the best method
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screening and transmitted along with the air flow.
These aerosols include fungi, bacteria, thermophilic
and mesophilic actinomycetes, as well as side
compounds produced by these organisms. There are
many bacteria and fungi in compost and soil
(Samaei 2013; Samaei 2014)
The effects of waste management processes on
the environment and personnel are still unknown
(Giusti, 2009; Taha, 2006; Swan, 2003; Taha,
2005). These pollutants in uncovered composting
without biofilter or bioscrubber enter into the air
without any treatment (Sánchez-Monedero, 2005).
The risk of respiratory diseases is more for
composting workers due to attachment of
bioaerosols, dust and endotoxin to respiratory
system cells (Douwes, 2000; NIOSH, 1995;
Wouters, 2002). The particle size ranges from 100
nanometers to 100 micrometers (Colls, 2002).
Bioaerosols with a diameter less than 10 microns
are not filtered by the nose and cause infection and
allergy in lower lungs of the host (Crook, 2008).
Compost
material,
performed
processes,
transportation of vehicles in factory, type of
equipment, environmental conditions such as
humidity and temperature, characteristics of
bioaerosols, wind speed and direction and
geographic and topographic conditions of the
composting process influence on the emissions of
bioaerosols in downwind. But the impact of
composting process stages is more important than
others. In this way, ambient air monitoring is a
good way to assess exposure to bioaerosols (Colls,
2002; Taha, 2006; Taha, 2005).
Usually the fungal infections agent in humans
is attributed to saprophytic species available in air.
For each saprophyte, certain people are considered
as the population at risk. In these cases, job factor
plays a decisive role. Workers in collection and
disposal of waste are exposure with high
concentrations of conodia ± Aspergillus (Zeini,
2013).
Aspergillus is opportunistic human pathogens
with about 200 species (Shen, 2004). Among the
species of Aspergillus, A.fumigatus is the most
pathogenic. This fungus in hosts with a weakened
immune system causes allergic diseases and

ABSTRACTS
When the wind blows, fungi are suspended in
the air for a long time. Inhalation of fungal
bioaerosols leads to various diseases and allergic
responses in humans. In this study, fungi was
sampled by Anderson single-stage compactor with
flow of 28.3 L/min. Samples were collected from
waste sorting, windrows, compost storage and in
the distances of 30, 100, 250 m downwind and 100
m upwind of the wind. Sample plates were
incubated at 37 and 45 ć . Then colonies were
counted and analyzed. The highest concentration of
fungus was in mesophilic phase at sorting (5355.42
CFU/m3). The predominant species was A.niger
(4010.14 CFU/m3). While in windrow the
predominant species was A.fumigatus (1904.56
CFU/m3), concentration of thermophilic fungi at all
points was less than 500 CFU/m3. According to
results of this study, protection measures and
separation at the source is required to reduce the
burden of bioaerosols at sorting.

KEYWORDS:
fungi concentration, mesophilic, thermophilic, materials
recovery facility, Iran

INTRODUCTION
Landfilling of municipal solid waste is one of
the most important methods of waste management
in different countries such as Iran (Nurisepehr,
2012). Mixed municipal wastes contain different
materials. Although separation of waste at the
source of production is important, unfortunately in
many countries including Iran, it is not completed
properly. Therefore, sorting units are established for
recycling and composting. It can be said that
successful household waste management depends
on sorting which is based on human activity.
During the stages of waste management, various
waste materials will be released. One of these
materials are bioaerosols produced in phases of
separation, processing, turning, shredding and
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distance away. Also, most of the workers at the
plant in composting factory are in the sorting unit.
This adds to importance study of airborne fungi
concentration at sorting unit. Purpose of this study
was investigating concentration of Mesophilic and
thermophilic fungi in the sorting and its effect on
concentration of the fungus in downwind.

infections, sinusitis and asthma (Coelho, 2010;
Walsh, 2008). Mycotoxins is produce during the
growth of fungi on organic materials and following
the secondary metabolism. This matter has
cytotoxic and suppress effects of DNA, RNA (Burr,
2001). Mycotoxins are different in each species.
A.niger has the maximum amount of mycotoxins
production (Gniadek, 2012). Moreover, aflatoxin
produced by A.flavus is known to cause liver cancer
(AIHA, 1996).
Several studies have been conducted in this
field including Pankhurst which has been shown
that the concentration of background A. fumigatus
is 55 ×10 2 CFU m-3. Concentration of composting
A.fumigatus is 29×10 3 CFU/m3 (Pankhurst, 2011b).
In a study by Renaud Persoon, it was indicated that
concentration of bioaerosols identified in the place
of composting was 1.8 × 10 5 CFU/m3. This was the
maximum concentration at the time of shredding of
waste (Persoons, 2010). In another study, it was
found that the concentration of bioaerosols in the
composting was high and its concentration reduced
by the distance from the source. The concentration
measured at the time of the operation, such as
turning, shredding and screening was more than
when composting activity stopped. Moreover,
concentration of bioaerosols in the upwind was
insignificant (Pankhurst, 2011b). Study of
Yazdanbakhsh et al also indicated that fungi
concentration in separation and screening units was
much higher than ASTM standard (Yazdanbakhsh,
2013). In similar studies, the dominant species of
fungi in the control room was penicilum (Lehtinen,
2013).
Tamer Vestlund in his study using electron
microscopy in 94 samples confirmed presence of
the fungus of A.fumigatus. There was no
bioaerosols in 100 meters from upwind, because
their resistance to the environmental factors is low
(A. Tamer Vestlund, 2014). The concentration of
culturable fungi in other public area such as outdoor
air was 382 CFU/m3 (Kolyoncu, 2008) and 3157
CFU/m3 in indoor air hospital (Haliki Uztan, 2013).
Predominant fungal genera were Penicilluim,
Aspergillus and Alternaria (Kolyoncu, 2008) and
Aspergillus, Penicilluim, Cladosporium and
Alternaria in indoor air hospital (Haliki Uztan,
2013) and some of bacteria such as legionella and
Pseudomonas are detected in aerosol and water
samples from dental equipments (Goksay, 2015).
Because of high retention time of the waste
before classification, there are too many saprophyte
fungi in raw compost. During classification of the
waste in sorting, these fungi become airborne.
Because of inappropriate ventilation, high
concentrations of fungi make in sorting. These
fungi are easily inhaled by workers. By wind blows
and air mixing, the light fungi spores can remain
suspended in air and they can be released in a long

MATERIALS AND METHODS
Case study site selection. Composting site is
18 km far from city. In the first stage, the mixed
municipal wastes is accumulated. Then papers,
plastics, metals and other recyclable materials
separate from the waste manually in sorting.
Organic materials are transferred to the windrow.
This mass is kept for 1 month in windrow. It is
mixed once a week by turner. Then it is
accumulated in the storage place of mature
compost. In some cases, screening was done.
This study was conducted for three months
during the winter season in 2015 in sorting place
and a compost plant.
Sampling of fungi in the air. NIOSH 0800
standard method was used for sampling of fungi in
the air. In order to calculate the exact time of
sampling, pretest was conducted from 1 to 10
minutes. Sampling conducted by Anderson singlestep model (10-710) with a flow of 28.3 liters per
minute based on direct contact. According to this
method, samples were collected in height of 1.45 m
from the ground level (NIOSH, 1998). At each
sampling point, 3 main sample and one control
sample were selected for any one mesophilic and
thermophilic fungi. During composting, sampling
was conducted and compared with the background.
There were total 64 samples for mesophilic fungi
and 64 samples for thermophilic fungi. Sampling
location included sorting and windrow and storage
place of mature compost and 100 m upwind and 30
m, 100 m and 250 m downwind. Simultaneous
effect of turning, screening and classification on
concentration and variety of downwind mesophilic
and thermophilic fungi was evaluated. In sorting,
main sample was at the time of composting and
background was at the time of closure of the
composting. The main sample in the windrow is
turning of mass and in the storage place of mature
compost is screening of compost. Background
sample was with any composting activities.
Microbial Analysis. In this study, Saborad
Dextrose agar medium was used (Dehghani, 2012).
In order to prevent the growth of bacteria, 1 mg
Chloramphenicol per 1 ml ethylic alchohol was
used (Ming-Wei Chang 2014). In order to prevent
changes in the samples, they were placed at
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temperature of 4 °C and transported to the
laboratory. The samples for 2 to 7 days were put in
incubator at 37 °C (Mesophilic species) and 45 °C
(thermophilic species) (Hea-Sun Yang, 2004).
Then, during this period the appearance and growth
of fungi were investigated. Finally, the colonies
were counted after passing the required time.

occurs and temperature is less than 45 °C. That's
why thermophilic species are very low. But during
classification in sorting, the concentration of
mesophilic fungi was more than other places in the
sampling (5355.42 CFU/m3). In this way, the
separation of waste at source and houses can reduce
input sorting waste. It also reduces the pollution
loads to workers. According to the EPA, the
concentrations of fungi in the compost must be
lower than 1000 CFU/m3 and A.fumigatus fungus
must be 1000 CFU/m3 (EPA, 2001a, 2009, 2010).
Although in this study, concentration of total fungi
was much higher than this Guidance (5355.42
CFU/m3) the concentration of A.fumigatus was less
than the recommended amount by EPA (32.98
CFU/m3). Concentration of A.flavus, A.niger at
sorting was too high. It was 4010.14 and 1180.61
CFU/m3, respectively. For these two types of fungi,
there is no guidance. So that consideration of the
complications of these fungi on worker is essential.
Moreover, according to recommended standards of
IRSST, concentration of fungi in air should not be
more than the background (IRSST, 1996).
Meanwhile, mesophilic and thermophilic fungi
concentration in composting factory is much higher.
Although the concentration in this study is less than
suggested OEL in Scandinavia (105 CFU/m3),
because of the higher concentration in mesophilic
fungi in sorting compared with threshold value
(5000 CFU/m3), reduction methods of pollution like
mechanical ventilation is required.

Statistical Analysis. In the present study,
descriptive statistics such as mean, standard
deviation, percentage, etc. were used. Data were
analyzed by Excel 2007.

RESULTS AND DISCUSSIONS
Concentration of mesophilic and thermophilic
fungi is shown in Figure 1. Concentration of
mesophilic fungi in sorting is very high. The
predominant species in this sample is A.niger.
Concentration of thermophilic fungi in windrow is
hightoo. These fungi are released in downwind. 30
m downwind is the most influence point by sorting
and windrow. Thermophilic fungi concentration in
other points is less than 500 CFU/m3.
Concentration of different fungal species in
the sampling places is shown in Figure 2.
It is expected that in the sorting, workers are
exposed to high concentrations of bioaerosols and
dust (Sykes, 2011). According to the study results,
in sorting any decomposition of organic materials
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mesophilic fungi composting
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termophilic fungi background

2000

termophilic fungi composting

1000

100 m
upwind

250 m
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mature
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0

FIGURE 1
Mesophilic and thermophilic fungi concentrations in the sampling places.
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FIGURE 2
Concentration of fungal species in sampling places.

spearing from sorting to 30 m downwind.
Moreover, the concentration of fungi in 30 m
downwind composting is higher than EPA
Guideline.
At the time of screening, turning and
shredding, the concentration of fungi is more than
background (Pankhurst, 2011a). In sorting, due to
the more significant difference between the
concentration of fungi among background and
classification, the effects of classification in
compost plant is more than other process
composting.
In waste management units in Finland, the
predominant species of is penicillum, A.niger
(Lehtinen, 2013). In our study, the predominant
species in sorting is A.niger while windrow and
storage site are A.flavus and A.fumigatus,
respectively. Because among fungi, A.niger
produces the maximum amount of mycotoxins and
aflatoxin is produced by A.flavus, investigation of
side effects these species on the workers and
Personal protective measures for workers are
essential.
Influence of sorting on mesophilic fungi are
more than thermophilic species. The concentration
of thermophilic fungi was high only in windrow.
Because of thermophilic phase composting only
take place in this step and temperature of the
compost was 40-50 °C.
30 m downwind is affected by the flow of
polluted air from separation of waste and windrow
stage. Because of topography conditions, the winds
are blowing from place of classification and
windrow to 30 m downwind. Therefore, both

Difference of bioaerosols such as fungi in the
uncovered and covered areas is significant and its
concentration is higher in closed areas. In a study
by Letinen, the concentration of mesophilic fungi in
the covered composting plant was 220000 CFU/m3
(Lehtinen, 2013). But according to a study by
Vilavert in uncovered area, concentration of the
fungus was 1687.28 CFU/m3-790 CFU/m3
(Vilavert, 2009). This study performed in semicovered. Our study shows that concentration of
mesophilic fungi was 1000-7000 CFU/m3.
Classification of waste was in covered space. While
windrow and storage place of mature compost was
in an uncovered area. The results show that
concentrations of the fungus at these points were
much less than classification of waste.
Concentration in windrow was 1904.56 CFU/m3
and 108.7068 CFU/m3 in screening, respectively.
In previous studies of compost for fungi, there
were two peaks. The first peak was in 150 m of
windrow and the second peak was in 30 m
downwind (Pankhurst, 2011a). In this study there
are 3 peaks. The first of which is in sorting, the
second is in windrow and the third one is in 30 m
downwind. It seems that the third peak is due to
spreading of contaminated flow to fungus from
sorting to 30 m downwind (sorting in direction of
dominant wind). In this place pollution plump
height is 1.45 m from ground level, too. Because of
the weather condition was unstable at the time of
sampling. In 30 m downwind, Background
predominant species is A.fumigatus. Whereas,
Composting dominant species (like to predominant
species sorting) is A.niger. These species are
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thermophilic and mesophilic species have been
identified at that point.
The most concentration of fungi was in
covered points with 6877 CFU/m3. Therefore these
points have the most pollution and the high risk for
workers. The lowest one was in uncovered areas
with concentration of 151 CFU/m3.
These areas require to ventilators. Moreover,
the greater protection of workers such as goggle
and face sheet is essential.
Among the working population in the landfill,
workers of screening are less exposed to fungi
because it is open. Moreover, emission of pollution
from other place is minimal (because topographic
conditions and the storage of mature compost site in
the opposite direction of the prevailing wind and
also screening are rarely performed in this plant).

[2] Burr, M. (2001). Health effects of indoor
moldes. Reviews on Environmental Health, 16
(2), 97-103.
[3] Coelho, A.I.; Milagres, R.C.; Jde, F.M.;
Azeredo, R.M.; Santana, A.M. (2010).
Microbiological
contamination
of
environments and surfaces at commercial
restaurants. 15, 1606-1597.
[4] Colls., Jeremy. (2002). Air Pollution. (Vol.
London and New York, Spon Press). Taylor &
Francis Group.
[5] Crook B, Stagg S, Uwagboe UC. (2008).
Bioaerosols in waste composting deriving
source terms and characterizing profiles.
Environment Agency Rio HouseWaterside
21(1), 34-23.
[6] Douwes J, Dubbeld H, van Zwieten L,et al.
(2000). Upper airway inflammation assessed
by nasal lavage in compost workers: a relation
with bioaerosol exposure. Am J Ind Med, 37,
459-468.
[7] Dehghani R, Asadi M.A., Charkhloo E.,
Mostafaie G., Saffari M., Mousavi G.,
Pourbabaei M.. (2012). Identification of
Fungal Communities in Producing Compost
by
Windrow
Method.
Journal
of
Environmental protection., 3, 61-67.
[8] Duygu Goksay, Kadaifciler, Nihal Dogruoz
Gungor, Aysin Cotuk. (2015). Opportunistic
bacterial pathogens of Aerosol and water
samples from Dental equipments Fresenius
environmental bulletin (2).
[9] EPA. (2001a). Technical Guidance on
Composting
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Environment
protection Agency, USA.
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Facilities. Environment protection Agency,
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[11] EPA. (2010). Composting and potential health
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online Environment protection Agency.
[12] Giusti L. (2009). A review of waste
management practices and their impact on
human health. Waste Management, 29, 2227±
2239.
[13] Gniadek A. (2012). Cytotoxicity of
Aspergillus Fungi as a Potential Infectious
Threat, Insight and control of infectious
disease in global scenario.
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Baydal B, Boyacioglu H. (2013). Airborne
microfungus flora determined in the different
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CONCLUSION
The results of this study show that: Most
concentration of fungi is in sorting which the
pollution reduces by going away from sorting.
Separation of waste at source can reduce
sorting input and pollution loads for the workers.
Because of the semi-covered plant,
concentration of fungi is much higher than windrow
and compost storage site.
Classification of waste leads to the spread of
fungi (especially species of mesophilic) to
downwind.
Sorting is the main cause of spreading of fungi
(such as A. Niger) in this landfill.
Good ventilation system for reduction the
effects of fungi on workers are required.
Changes in the predominant species of fungi
in the process are due to the difference in the nature
of the composting process.

ACKNOWLEDGMENT
This paper was a result of MSc thesis (Fariba
Abbasi, 93-7308). This project was financially
supported by Shiraz University of Medical
Sciences. Authors of this paper would like to
express their appreciation to the personnel of Shiraz
Waste Management Organization for their
collaboration in the research process.

REFERENCES
[1] AIHA. (1996). Field Guide for the
Determination of Biological Contaminants in
Environmental Samples. American Industrial
Hygiene Association In: Association AIH:
Virginia: Fairfax.

1517

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ








[15] Hea-Sun Yang, Jin-San Yoon, Mal-Nam Kim.
(2004). Effects of storage of a mature compost
on its potential for biodegradation of plastics.
Polymer Degradation and Stability, 84, 411417.
[16] IRSST. (1996). Les endotoxines en milieu de
travail Institu Regional de Seguridad y Salud
en el Trabajo. G M.
[17] Kolyoncu F., Ekmekci M. (2008). Culturable
airborne fungal in outdoor Environments in
Manisa, Turkey. Fresenius environmental
bulletin (7a), 17(7), 844-848.
[18] Lehtinen J, Tolvanen O., Nivukoski U.,
Veijanen A., Hänninen K.. (2013).
Occupational hygiene in terms of volatile
organic compounds (VOCs) and bioaerosols at
two solid waste management plants in
Finland. Waste Management, 33, 964-973.
[19] Nurisepehr,
M., Jorfi,
S.,
Kalantary,
R.R., Soltani, R.D.C., Samaei, M. (2012),
Sequencing treatment of landfill leachate
using ammonia stripping, Fenton oxidation
and biological treatment, Waste Management
and Research, 30 (9), 883-887.
[20] Pankhurst L.J., Deacona, J. Liu, G.H. Drewa,
E.T. Hayesc, S. Jackson, P.J. LonghurstJ.W.S.
Longhurst, S.J.T. Pollard, S.F. Tyrrel.
(2011b). Spatial variations in airborne
microorganism and endotoxin concentrations
at green waste composting facilities.
International Journal of Hygiene and
Environmental Health, 45, 85-93.
[21] Pankhurst L.J., Akeel U., Hewson C., Maduka
I., Pham P., Saragossi J., Taylor J., Lai K.M.
(2011a). Understanding and mitigating the
challenge of bioaerosol emissions from urban
community
composting.
Atmospheric
Environment, 45, 85-93.
[22] Ming-Wei Chang, Chung-Ru Lee , Hsueh-Fen
Hung , Kuo-Sheng Teng , Hsin Huang ChunYu Chuang. (2014). Bioaerosols from a Food
Waste Composting Plant Affect Human
Airway Epithelial Cell Remodeling Genes,
International Journal of Environmental
Research and Public Health, 11, 337-354.
[23] NIOSH. (1995). New Worker Health and
Occupational Safety: A Report of the Work
Group Convened by NIOSH.
[24] NIOSH. (1998). Method 0800: Bioaerosol
Sampling (Indoor Air). NIOSH Manual of
Analytical Methods (NMAM) National
Institute of Occupational Safety and Health.
Fourth Edition.
[25] Renaud Persoons, Muriel Stoklov, Alain
Perdrix, Sylvie Parat. (2010). Critical working
tasks and determinants of exposure to
bioaerosols and MVOC at composting
facilities. International Journal of Hygiene
and Environmental Health, 213, 338-347.

[26] Samaei M.R., Mortazavi S.B., Bakhshi B.,
Jonidi Jafari A. (2013), Isolation, genetic
identification, and degradation characteristics
of n-Hexadecane degrading bacteria from
tropical areas in Iran. Fresenius environmental
bulletin, 22(4), 1304-1312.
[27] Samaei M.R., Mortazavi S.B., Jonidi Jafari A.,
Bakhshi B. (2014). Isolation, biodegradation
ability, and molecular detection of nHexadecane degrading bacteria from compost,
2nd International conference on environmental
science and technology, 14±17 May 2014,
Antalya / Turkey.
[28] Sánchez-Monedero, M.A., Stentiford, E.I.,
Urpilainen, S.T. (2005). Bioaerosol generation
at large-scale green waste composting plants. .
Journal of the Air & Waste Management, 55,
612-618.
[29] Shen, D.K., Noodeh, A.D., Kazemi, A.,
Grillot, R., Robson, G., Brugère, J.F. (2004).
Characterisation
and
expression
of
phospholipases B from the opportunistic
fungus
Aspergillus
fumigatus.
FEMS
Microbiol, 239, 87±93.
[30] Swan, J.R.M., Kelsey, A., Crook, B., Gilbert,
E.J. (2003). Occupational and Environmental
Exposure to Bioaerosols from Composts and
Potential Health Effects: A Critical Review of
Published Data. Health and Safety Executive,
UK.
[31] Sykes P., Morris R.H.K., Allen J.A.,
Wildsmith J.D., Jones .3   :RUNHUV¶
exposure to dust, endotoxin andb-(1±3) glucan
at four large-scale composting facilities. Waste
Management. 31, 423±430.
[32] Taha P.J, M.P.M., Drew, G.H., Longhurst.,
Smith, R., Pollard, S.J.T. (2006). Bioaerosol
releases from compost facilities: evaluating
passive and active source terms at a green
waste facility for improved risk assessments.
Atmospheric Environment, 40 (6), 1159-1169
[33] Taha, M.P.M., Pollard, S.J.T., Sarkar, U.,
Longhurst, P. (2005). Estimating fugitive
bioaerosol release from static compost
windrows. . Waste Management, 24, 445±450.
[34] Tamer Vestlund A., Al-Ashaab R., Tyrrel
S.F., Longhurst P.J., Pollard, S.J.T. Drew
G.H. (2014). Morphological classification of
bioaerosols from composting using scanning
electron microscopy. Waste Management. 34
(7), 1101-1108.
[35] Vilavert L., Martí Nadal, Isabel Inza, María J.
Figueras, José L. Domingo. (2009). Baseline
levels of bioaerosols and volatile organic
compounds around a municipal waste
incinerator prior to the construction of a
mechanical-biological treatment plant. Waste
Management. 29, 2454±2461.

1518

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ








[36] Walsh, T.J.; Anaissie, E.J.; Denning, D.W.;
Herbrecht, R.; Kontoyiannis, D.P.; Marr,
K.A.; Morrison, V.A.; Segal, B.H.; Steinbach,
W.J.; Stevens, D.A. (2008). Treatment of
aspergillosis: Clinical practice guidelines of
the Infectious Diseases Society of America.,
46, 327±360.
[37] Wouters IM, Hilhorst SK, Kleppe P,et al.
(2002). Upper airway inflammation and
respiratory symptoms in domestic waste
collectors. Occup Environ Med, 59, 106±120.
[38] Yazdanbakhsh AR, Naimabadi A, Alinejad
AA, Barafrashteh M, Hasani Gh, AghayaniE,
Fazeli Farsani S. (2013). Determination of the
biological aerosol emission in kahrizak
compost facility and provide suitable
strategies. Journal of North Khorasan
University of Medical Sciences, (4)5, 890.

[39] Zeini F, Mehbod ASA, Emami M. (2013).
Comprehensivee Meedical Mycology (Vol.
2413). Teehran: University of tehran press.

Received:
Accepted:

27.07.2015
03.02.2016

CORRESPONDING AUTHOR
Mohammad Reza Samaei, PhD.
Department of Environmental Health Engineering,
School of Health, Shiraz University of Medical
Sciences, Shiraz ± IRAN
e-mail: mrsamaei@sums.ac.ir

1519

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ







HYDROGEOCHEMICAL EVALUATION OF
GROUNDWATER IN CERTAIN PARTS OF VINUKONDA
AREA, GUNTUR DISTRICT, ANDHRA PRADESH,
SOUTH INDIA
Arveti Nagaraju1, Etikata Balaji1 and Arveti Thejaswi2
1
Department of Geology, S.V. University, Tirupati ± 517 502, A. P, India
Department of Environmental Sciences, Kakatiya University, Warangal ± 506 009, Telangana, India

2

makes unsuitable for human consumption. There is
no doubt that water pollution is the result of the
human activity. The rapid growth of population,
urbanization, industrialization and increasing use of
chemicals have resulted in water pollution and this
problem is increasing day by day in spite of several
measures taken in this direction. Groundwater is an
essential and vital natural resource for sustenance
of the Earth's ecosystems.
Groundwater quality is generally better than
that of the surface water. Soil layers help to clean
the groundwater through infiltration. The water
quality is a consequence of the natural, physical and
chemical state of the water as well as any alteration
that might have accrued as a consequence of
anthropogenic activity [3, 4, 5]. Several factors
affect the groundwater quality such as discharge of
industrial, agricultural and domestic water, land use
practices, geological formation, rainfall patterns
and infiltration rate [6, 7, 8]. Groundwater is
needed in every facets of life such as agricultural,
domestic and industries. Agriculture is a leading
sector in the economic development of India. The
last 20-\HDUVKDYHZLWQHVVHGD¶JOREDOERRP¶LQ
groundwater use for irrigation in areas subject to
extended dry seasons and regular droughts [9, 10].
Groundwater accounts for about 50±80% of
domestic water use and 45±50% of irrigation in the
country [11]. It has been assessed by the World
Bank [12] that the current industrial water use in
India is about 13 per cent of the total freshwater
withdrawal in the country. This heavy weight on
groundwater leads to decline water level after
decades of exploitation.
The overexploitation affects groundwater
quality and quantity and subsequent destruction of
the natural management of water resources. Water
quality assessment became an important issue in
recent times. Water quality assessment is essential
for human health and the definition of water quality
depends on the desired use of water [13, 14, 15,
16]. Several studies on groundwater and surface
water quality and its suitability for drinking and
irrigation purposes have been carried out in
different parts of India and around the world with
reference to major ion chemistry and trace elements

ABSTRACT
Water quality analysis in the Vinukonda area
of Guntur district indicated that the ground water
quality is controlled by natural geochemical
processes
such
as
mineral
weathering,
dissolution/precipitation reaction, ion-exchange
process. The samples were analyzed for their
physicochemical parameters i.e., pH, EC, TDS,
Ca2+, Mg2+, Na+, K+, TH, Alkalinity, F-, Cl-, SO4 2-,
CO32- and HCO3-. Based on the analytical results,
chemical indices like, SAR, percent Na,
permeability iQGH[ 56& .HOO\¶V 5DWLR
Magnesium Ratio, Non carbonate hardness (NCH)
Indices of Base Exchange (IBE) were calculated.
The dominant hydrochemical facieses of
groundwater is Ca-HCO3 and Ca-Mg-Cl type.
According to Gibbs diagrams samples are falling in
both rock dominance and precipitation dominance
areas. The USSL diagram has revealed that most of
the groundwater samples belong to class mediumsalinity hazard and low-sodium hazard (C2S1) and
low-salinity hazard and low-sodium hazard (C1S1),
which indicates that the groundwater quality in the
study are good for irrigation use.

KEYWORDS:
Hydrogeochemistry, Vinukonda area, Andhra Pradesh

INTRODUCTION
Water is an essential resource for life on the
earth. Water in lakes, streams, and rivers makes up
a lesser amount of 0.01 percent of the Earth's water
and groundwater makes up another six percent.
It was assessed that approximately one-third of the
ZRUOG¶V SRSXODWLRQ XVHV JURXQGZDWHU IRU GULQNLQJ
[1]. The absence or seasonal nature of surface water
sources has shifted attention in the exploration and
development of groundwater resource [2]. Water
pollution simply means contamination of water due
to any external material or in other words,
introduction of something to natural water which
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[17, 18, 19, 20]. Thus, the use of groundwater for
irrigation in these areas will damage crops and
reduce yield. Earlier researchers have been carried
out on assessment of groundwater quality for
irrigation use and evolution of hydrochemical facies
concluded that concentrations of the major ions and
important physical parameters are within the
permissible limits for irrigation [21 22, 23, 24, 25,
26, 27].
In this study, an attempt has been made to
evaluate the major ion chemistry in order to know
the suitability of groundwater and surface water for
domestic and irrigation purposes of Vinukonda area
because most of the people in the study area depend
on groundwater for their needs.

MATERIALS AND METHODS
In order to assess the physico-chemical
parameters a total of thirty groundwater and surface
water samples were collected from Vinukonda area
with in-situ measurement of pH and Electrical
Conductivity (EC). The samples were collected in
1 litre pre-washed high density polyethylene
bottles. Precaution was taken to avoid sample
leakage during transfer to the laboratory. Further,
the samples were immediately analyzed for major
ion chemistry by employing standard methods as
suggested by [28, 29]. The minimum, maximum,
average values, standard deviation and standard
error values of different constituents of water
samples are shown in Table1 and PearsoQ¶V
correlation coefficients of
various water quality
parameters are depicted in Table 1.

TABLE 1
3HDUVRQ¶VFRUUHODWLRQ coefficients of various water quality parameters.
EC

pH

Ca2+

Mg2+

Na+

K+

HCO3- CO32- Cl-

SO42-

EC

1

pH

-0.073

1

Ca2+

0.317

-0.355

Mg2+

0.601** -0.442* 0.780** 1

Na+

0.121

-0.198

0.728** 0.489** 1

K+

0.147

-0.006

0.357

0.082

0.575** 1

HCO3-

-0.047

-0.143

0.040

0.071

-0.221

-0.031 1

CO3

0.218

-0.261

0.023

0.070

-0.062

0.045

0.075 1

Cl-

0.955** -0.161

0.377*

0.699** 0.183

0.151

-0.040 0.138 1

SO4

0.196

0.020

-0.269

-0.171

-0.182

-0.117 -0.072 0.414* 0.054

1

F-

-0.274

-0.306

0.171

0.154

0.311

-0.168 -0.225 -0.215 -0.233

-0.082

TDS

1.000** -0.099

0.317

0.601** 0.121

Hardness

0.599** -0.442* 0.784** 1.000** 0.493** 0.086

2-

2-

Alkalinity 0.322

0.074

F-

TDS

Hardness

Alkalinity

1

-0.322

-0.145

-0.217

0.147
0.106

1

-0.047 0.218 0.955** 0.195

-0.274 1

0.071 0.070 0.697** -0.173

0.154

-0.067 0.346 0.289

0.599** 1

0.509** -0.246 0.321

-0.148

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Study area. The study area of Vinukonda area
lies in Guntur district, Andhra Pradesh between
16° 0' 15'' N and 16° 10' 30'' N Latitude and
79° 39' 30'' E and 79o 49' 15'' E Longitude covering
an area of about 203.36 sq. km (Figure 1). It has an
average elevation of 75 metres (246 feet) above
mean sea level. Rainfall is mostly in the months of
July to September. The average annual rainfall of
the area is 790 mm. The groundwater table varied
from 2-5 m.bgl. The highest day temperature is in
between 34°C to 47°C and in winter it is around
25°C. The study area is occupied by red soils and

mixed red and black soils. The mixed red and black
soils occur south of Vinukonda area. The area
consist an array of rock formations ranging in age
from Archean to middle - upper Proterozoic.
The Archean consists of banded biotite-hornblende
gneiss with migmatite patches and middle-upper
Proterozoic consists of Cumbum shale/phyllite,
Cumbum dolomite/limestone with intrusive granite.
The area has significant resources of limestone, iron
ore, lead-zinc minerals, granite, kankar, quartz and
white clays.
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FIGURE 1
Location map of the study area (Vinukonda).

prescribed for drinking water by WHO [30].
The EC values are varying from 41 to 1000
ȝmhos/cm and total dissolved solids (TDS)
between 26 and 650 mg/L. The hardness of water
indicates water quality mainly in terms of Ca2+ and
Mg2+ expressed as CaCO3 [31]. The total hardness
(as CaCO3) of groundwater water samples were
found in the range of 36 to 1052 mg/L. The optimal
range of hardness in drinking water is 60 mg/L and

RESULTS AND DISCUSSION
Groundwater
chemistry.
The
physicochemical parameters of the groundwater
and surface water quality data and the results are
presented in form of minimum, maximum, mean,
standard deviation and standard error (Table 2).
In the study area, the pH is varying from 6.93 to
8.65 in (Table 2) and is within the safe limits
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samples fall under moderately hard category, 30 %
of the total water samples fall under hard category
and remaining 50% samples were considered as
very hard.

it is generally considered as soft; 60±120 mg/L, is
moderately hard; 120±180 mg/L is hard; and more
than 180 mg/L is considered as very hard [32]. In
the present study about 10% of the total water
samples fall under soft category, 10% of the total

TABLE 2
Minimum, maximum, standard deviation and average values of different constituents of water samples.
S. No.

Constituents

Min

Max

Average

S.D

SE

1

Calcium (Ca2+) (mg/L)

43

331

122

71

12.96

2

Magnesium (Mg2+) (mg/L)

8

237

65

61

11.14

3

Sodium (Na+) (mg/L)

33

834

154

177

32.32

4

Potassium (K+) (mg/L)

6

50

22

10

1.83

5

Bicarbonate (HCO3-) (mg/L)

320

888

557

126

23.00

6

Carbonate (CO3 2-) (mg/L)

24

98

59

20

3.65

7

Sulphate (SO4 2-) (mg/L)

42

250

136

49

8.95

8

Chloride (Cl-) (mg/L)

39

999

335

284

51.85

9

Fluoride (F-) (mg/L)

0.50

1.78

1.34

0.30

0.05

10

Total dissolved solids (mg/L)

26

650

193

159

29.03

11

Hardness as CaCO3 (mg/L)

36

1052

293

273

49.84

12

Alkalinity as CaCO3 (mg/L)

312

2847

1155

702

128.17

13

pH

6.93

8.65

7.61

0.35

0.06

14

Specific conductance (μmhos/cm)

41

1000

297

244

44.55

15

Non-carbonate hardness (NCH)

-443.37

970.28

14.89

420.66

76.80

16

Sodium adsorption ratio (SAR)

0.66

10.08

2.64

2.29

0.42

17

Sodium percentage (SP) (%)

15.45

63.88

35.79

13.94

2.55

18

Residual sodium carbonate (RSC)

-19.41

8.87

-0.30

8.41

1.54

19

Permeability Index (PI)

28.84

101.51

58.04

17.05

3.11

20

Indices of base exchange (IBE) CAI 1

-10.59

0.86

-0.62

2.42

0.44

21

Indices of base exchange (IBE) CAI 2

-2.21

1.20

-0.09

0.72

0.13

22

Kelley's Ratio

0.14

1.71

0.58

0.44

0.08

23

Magnesium Ratio

17.27

63.65

42.09

12.55

2.29

24

Gibbs Ratio I

0.12

0.75

0.44

0.22

0.04

25

Gibbs Ratio II

0.22

0.75

0.48

0.15

0.03
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precipitation of magnesium and calcium salts such
as carbonates, sulphates, and chlorides. It can be
temporary or permanent hardness. Total hardness is
a measure of dissolved Ca 2+ and Mg2+ in water and
is expressed as CaCO3.The total hardness (as
CaCO3) in groundwater can be classified as soft
water (TH<150 mg/L), moderately hard water (TH
between 150 to 300 mg/L), hard water (TH between
300 to 450 mg/L) and very hard water (TH>450
mg/L) [36].
Total dissolved solids represent the total
weight of dissolved solids in a solution and express
the degree of salinity of a medium [37]. The
concentration level of TDS in groundwater can be
classified as fresh groundwater (TDS<1000 mg/L),
brackish water (TDS between 1000 to 10000 mg/L)
and saline water (TDS>10000 mg/L) [38]. Total
hardness (TH) and total dissolved solids (TDS) and
are two important parameters in assessing drinking
water quality. The plot of TDS versus TH suggests
that the groundwater samples lie in the zones Z1,
Z2, Z3 and Z4 indicating different quality levels
among these samples (Figure 2). Samples those
belonging to zones of Z1 and Z2 are suitable for
human consumption because they are fresh water
with acceptable degrees of hardness. However, the
samples that belong to zones of Z3 and Z4 are hard
in nature.

The alkalinity varied from 312 to 2847. The
Na+ and K+ concentrations in groundwater samples
ranged from 33 to 834 and 6 to 50 mg/L
respectively. The concentration of calcium ranged
from 43 to 331 mg/L. and magnesium varied
between 8 and 237 mg/L. The concentration of
carbonate and bicarbonates in the study area ranged
from 24 to 98 and 320 to 888 mg/L. The
concentration of chloride ranges from 39 to 999
mg/L. Sulphate concentration varied from 42 to 250
mg/L and all samples are within the permissible
limit recommended by WHO [30]. In the present
study the levels of fluoride ranged from 0.50 to
1.78.
Correlation
between
variables.
The
correlations between major cations and anions were
FDUULHG RXW XVLQJ 3HDUVRQ¶V FRUUHODWLRQ
A correlation analysis is a bivariate method applied
to describe the degree of relation between
hydrochemical parameters. Associated the variable
representing with correlation coefficient is r, and
the multiple correlations, which is the percentage of
variance in the dependent variable, is explained
collectively by all of the independent variables.
The results of the correlation analysis are
considered in the subsequent interpretation section.
A high correlation coefficient (near 1 or -1) means
implies a good strong relationship between the two
variables, and a correlation coefficient around of
approximately zero means implies that there is no
relationship between them two variables, at a
significance level of, 0.05. More precisely, it can be
said that parameters showing r > 0.7 are considered
to be strongly correlated, whereas when r has a
value between 0.5 and 0.7, a moderate correlation is
shown is said to exist [33, 34]. Positive values of r
indicate a positive relationship, while negative
values
indicate
an
inverse
relationship.
The correlation coefficients of the studied
parameters has revealed that major parameters such
as EC and Mg2+, Cl-, TDS, Hardness; Ca2+ and
Mg2+, Na+, Hardness; Mg2+ and Na+, Cl-, TDS,
Hardness; Na+ and K+, Hardness; Cl- and TDS,
Hardness; SO42- and Hardness; TDS and Hardness,
Mg; Alkalinity and SO42- exhibit high positive
correlation with each other. There is a strong
correlation value between pH and Mg2+, Hardness
(negative correlation); Ca2+ and Cl-; CO32- and
SO42- (positive correlation).

Irrigational suitability. Generally, the
suitability of water for irrigation is determined by
its mineral constituents and type of the plant and
soil to be irrigated. In order to classify irrigation
water, some chemical characteristics should be
enlightened. The characteristics of irrigation water
that seems to be most important in determining its
quality are:
x
x
x
x

Total concentration of dissolved salts
Relative proportion of sodium to other
elements such as magnesium, calcium and
potassium
Concentration of boron or other elements
that may be toxic
Under some conditions, the bicarbonate
concentration
as
related
to
the
concentration of calcium plus magnesium

The important parameters that influence the
water quality for irrigation are sodium Absorption
Ratio (SAR), percentage sodium (% Na) and
permeability index (PI), potential salinity, residual
VRGLXP FDUERQDWH .HOO\¶V UDWLR PDJQHVLXP 5DWLR
Non-carbonate hardness and
indices of base
exchange, US Salinity Laboratory (USSL)
classification, Gibbs classification, trilinear diagram
of water
classification
and
Wilcox water classification are executed to

Quality criteria for drinking purpose. Water
hardness has no known adverse effects; however,
some evidence indicates its role in heart diseases
[35]. Hard water is unsuitable for domestic use and
it is a measure of the calcium and magnesium
content, customarily expressed as the equivalent of
calcium carbonate. Hardness of water is defined as
the inhibition of soap action in water due to
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elucidate the status of irrigation water quality of the

study area.

FIGURE 2
Plot of TDS versus TH expressed in mg/L as CaCO3.
Na+
SAR = -----------------------¥ &D2+ + Mg2+)/2
where all ionic concentrations are expressed in
meq/L.
SAR values of water samples range from 0.66
to 10.08 with an average value of 2.64 (Table 2).
About 96.66% of the water samples fall under safe
category except one which exceeds the value of 10.
Generally SAR values above 10 are considered as
unsafe for irrigation. The plots of US salinity
diagram Proposed by US Salinity Laboratory [42]
reveals that 53.33% of the total groundwater
samples fall in the field of C1S1 indicating water of
low salinity-low sodium and one sample with low
salinity medium sodium C1S2, which can be

Sodium adsorption ratio (SAR). The SAR
has a proper criterion for irrigation water suitability.
This parameter evaluates the sodium hazard in
relation to calcium and magnesium concentration.
If calcium and magnesium are the predominant
cations absorbed on the soil exchange complex, the
soil tends to be easily cultivated and has a
permeable and granular structure [39, 40].
Calcium and magnesium play a major role in
maintaining structure of clay-containing soils. The
extreme sodium content in water reduces the soil
permeability, which ultimately affects crop yield.
The SAR was calculated by employing the
following equation [41]:
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suitable for irrigation (Figure 3). About 36.66% of
the samples fall in the field of C2S1 indicating that
the samples are showing medium salinity-low
sodium which can be suitable for irrigation. The

remaining water samples (6.66%) fall in the field of
C3S1 suggesting that water requires special salinity
control management.

FIGURE 3
The quality of groundwater samples in relation to salinity and sodium hazard (after U.S. salinity
Laboratory, 1954).

plant growth. Sodium content is usually expressed
in terms of percentage sodium calculated by:
(Na+ + K+)
SP = -------------------------------- X100
(Ca2+ + Mg2++ Na+ + K+)

Percent
sodium
(%Na).
Sodium
concentration is an important factor which is used
to evaluate the water suitability for irrigation. Longterm usage of extreme sodium water for irrigation
may inhibit the plant growth and reduces soil
permeability [43, 44]. Because Na reacts with soil
to reduce its permeability and support little or no
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calculating Na+ percentage [47], because Na+
concentration reacts with soil to reduce its
permeability [39]. Wilcox [47] used sodium % and
specific conductance in evaluating the suitability of
groundwater to irrigation. Sodium-percentage
determines the ratio of sodium to total cations viz.,
sodium, potassium, calcium and magnesium. All
concentration values are expressed in equivalents
per million. Percentage of sodium calculated for
groundwater in the study region is plotted against
specific conductance in Wilcox diagram (Figure 4).
This diagram shows that the entire area is
categorized under ³excellent to good´ category for
irrigation.

In the present study, sodium percentage
concentrations varied between 15.45 and 63.88 with
an average value of 35.79. A maximum of 60 % is
generally recommended for irrigation water [58]. In
the present study about 93.33% of the total
groundwater samples are within safe limits and the
remaining 6.66% of the groundwater samples with
elevated sodium percent are observed. This is due
to the long residence time of water, dissolution of
minerals from lithological composition, and the
addition of chemical fertilizers by the irrigation
waters [45, 46].
Another method for determination of
suitability for agricultural use in groundwater is by

FIGURE 4
The quality of groundwater in relation to electrical conductivity and percent sodium (Wilcox diagram).
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20 % of the groundwater samples with elevated
.HOO\¶V LQGH[ UDWLR DUH REVHUYHG DQG UHPDLQLQJ 80
% of the groundwater samples are within safe
limits. .HOO¶VUDWLRLVFRPSXWHGDV

Permeability index (PI). Long-term usage of
water for irrigation will affect the permeability
quality of the soil and it is influenced by Sodium,
calcium, magnesium and bicarbonate contents.
Doneen [47] developed a criterion for assessing the
water suitability for irrigation based on a
permeability index (PI). It can calculate by
employing following equation:

.HOO\¶VUDWLR 1D &D0J
Magnesium Ratio (MR). In general, calcium
and magnesium keep equilibrium in most waters
[54]. In equilibrium magnesium in waters will
adversely affect crop yield [6]. Magnesium ratio
above 50 percent is considered unsafe and
unsuitable for irrigation purposes. Extreme
magnesium ratio affects the crop yield as the soils
become more alkaline. The MR values of waters in
the present study are varying from 17.27 to 63.65
with an average value of 42.09.meq/L. From this, it
is clear that about 73.33% of the samples within the
acceptable limit of 50% and remaining samples
have exceeded this limit of acceptance.
The magnesium ratio can be computed as

PI=100× (Na+ ¥+&23-) / (Ca2+ + Mg2+ + Na+)
where all the ions are expressed in meq/L.
The PI values in the study area ranged from
28.84 to 101.51 with an average value of 58.04.
According to PI values, about 96.66% (29 samples)
of the groundwater samples in the study area falling
under class I and class II categories and the
remaining one sample is falling under class III
category. Class III water was unsuitable with 25%
of maximum permeability [48]. On the basis of PI
values majority of groundwater samples in the
study area is considered and suitable for irrigation.

MR = 100* [Mg2+/ (Ca2++Mg2+ )]
Residual Sodium Carbonate (RSC).
Residual Sodium Carbonate (RSC) has been
calculated to determine the effect of carbonate and
bicarbonate on the quality of water for agricultural
purpose. The following equation is employed in
determining RSC of the studied groundwater
samples [49].

Non
Carbonate
Hardness
(NCH).
Non-carbonate hardness is a measure of calcium
and magnesium salts other than carbonate and
bicarbonate salts (such as calcium sulphate, CaSO4,
or magnesium chloride, MgCl2). Total hardness
(which varies based on alkalinity) is expressed as
the sum of carbonate hardness and non-carbonate
hardness. If the hardness exceeds alkalinity, the
excess is termed as non carbonate hardness (NCH)
and is also called permanent hardness. In the study
area the Non-carbonate hardness values ranged
from -443.37 to 970.28 with an average value of
14.89.

RSC= (CO32- +HCO3-) - (Ca2++ Mg2+)
where the ionic concentrations are expressed in
meq/L.
Lloyd and Heathcote [50] have classified
irrigation water based on RSC as suitable (<1.25),
marginal (1.25±2.5), and not suitable (>2.5). From
the (Table 2) RSC concentration in this study varied
between -19.41 and 8.87 with an average value of
-0.30. About 60% of the total groundwater samples
exceeded the limit of 2.5 meq/L and the remaining
40 % of the samples are within the safe limits. The
water with high RSC has high pH and land irrigated
by such water becomes infertile owing to
deposition of sodium carbonate as indicated by the
black colour of the soil [51]. Negative RSC
indicates that sodium build-up is unlikely since
sufficient calcium and magnesium are in excess of
what can be precipitated as carbonates [52].

Indices of Base Exchange. The ion exchange
process between groundwater and its host environs
during its travel and residence time in aquifer has
been discussed by Schoeller [55]. The chloroalkaline indices CAI1 and CAI2 can be either
positive or negative. The negative chloro alkaline
indices indicate that Na+ and K+ are exchanged in
water with Mg 2+ and Ca2+. The positive value
indicates the absence of Base Exchange. In the
study area, about 60 % of the groundwater samples
have positive values and remaining 40% of the
groundwater samples have negative values.

.HOO\¶V Ration. The hazardous effect of
sodium on water quality for irrigation usage has
been discussed by Kelly [53]. Water with above 1.0
.HOOH\¶V UDWLR LQGLFDWHV DQ H[FHVV level of sodium
and not suitable for irrigation and water with
D.HOO\¶VUDWLROHVVWKDQLVVXLWDEOHIRULUULJDWLRQ
In the study area .HOO\¶V index ratio varied between
0.14 and 1.71 with an average value of 0.58. About

Hydrochemical facies. The general purpose
of a hydrogeochemical facies study is to relate the
chemical character of ground water to the geologic
and hydrologic environment [56, 57, 58]. The more
specific objectives of this study area are to find out
the distribution of chemical constituents in a
ground-water of the study area. The geochemical
evolution of groundwater can be obtained through
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and 40% samples fall under the field of mixed CaMg-Cl type. In the remaining 20%, 10% samples
fall in the field of mixed Ca-Na-HCO3 type and
another 10% samples fall under the field of Na-Cl
type.

Piper [59] trilinear diagram is shown in Figure 5.
The diagram consists of three different fields, two
triangular fields and one diamond-shaped field.
Different groundwater types were identified by
their position in the diamond field. This diagram
shows that 40% fall in the field of Ca-HCO3 type,

FIGURE 5
Trilinear diagram for representing the analysis of ground-water quality (Piper diagram).

Gibbs ratio. The quality of groundwater is
significantly changed by the influence of
weathering and anthropogenic inputs. The Gibbs
diagram is widely used to establish the relationship
of water composition and aquifer lithological
characteristics [60]. The quality of groundwater is
significantly changed by the influence of
weathering and anthropogenic inputs.
The controlling mechanism of the surface
water chemistry in terms of dissolved ions present
in water as evaporation-crystallization dominance,
rock-weathering dominance and atmosphericprecipitation dominance can be assessed by plotting
hydrochemical data according to the variation in the
ratios
of
(Na++K+)/
(Na++K++Ca2+)
and
Cl-/ (Cl- + HCO3-) as a function of TDS [58]. This

would provide meaningful information on the
relative importance of three major natural
mechanisms controlling surface water chemistry:
x atmospheric precipitation dominance,
x rock weathering dominance, and
x evaporation and fractional crystallization
dominance.
The Gibbs ratios are calculated with the
formulae given below:
Gibbs ratio I= (Cl- / (Cl-+HCO3-)
Gibbs ratio II= (Na++K+)/ (Na++K++Ca2+)
In the present study, Gibbs ratio I values in the
vary from 0.12 to 0.75 with a average value of 0.44
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compositions of water in the study area are
significantly influenced by the weathering of source
rocks. This suggests that the groundwater seems
mostly controlled by chemical weathering of rock
forming
minerals
[61]

and Gibbs ratio II values vary from 0.22 to 0.75
with an average value of 0.48.
From Figure 6, it is evident that, about
63.33% of samples falling under the rock
dominance area and the remaining samples in
precipitation dominance category. The chemical

FIGURE 6
Mechanism controlling the chemistry of groundwater (after Gibbs 1970)

CONCLUSIONS
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system, extends scheduled time, and increases
scheduling frequency and dispatch costs.
After 22:00, the demand of public bikes is
small in urban usually, so negligible. If we
distributed the public bike rental stations at night,
we would provide directly services for people at
morning peak hour. In order to prevent the rental
stations sent the scheduling request at the morning
peak hour, we need a reasonable calculation for
storage capacity of the public bike rental stations.
We can identify the demand model by building on
its integrated scheduling.

ABSTRACT
In order to effectively improve the dispatcher
scheduling in urban public bike rental station with
work experience to determine the existence of
blindness demand scheduling, scheduling of science
to be promoted while reducing cost and time
scheduling, division of urban public bike rental
station scheduling demand model for integer
programming optimization problem, note the time
and scheduling trigger system stability, and to the
system during peak hours at the latest scheduled
start time, the strongest overall stability as the goal
to build urban public bike rental station scheduling
model. And in accordance with the model itself
features two competitions for selection, decimal
coding, non-uniform variation and arithmetic
crossover genetic algorithm designed to solve the
model. Examples of the use of scheduling
algorithms and models to be verified the feasibility
of the optimal scheduling demand for rental the
station calculated. The results show that the demand
for the implementation of the scheduling can be
delayed until the scheduled start time 1.33h, so
effectively delaying the scheduled start time, but
also greatly reduced the workload scheduling model
based on income.

MATERIALS AND METHODS
Assumptions. This paper based on studying
the process of High-speed passenger rail hub
arrival. We proposed that the person who rented
and returned bike should comply with the Poisson
distribution. Within this period, borrow and return
rate should keep stable.
Before scheduling, the number of public bike
of each storage station keeps unchanged. In other
words, the process of scheduling just to distribute
bike in rental stations again.
Night negligible because less demand for each
station' bike. In other words, the storage volume of
public bike rental stations can be maintained until
the morning peak hour in second day.

KEYWORDS:
urban traffic; scheduling demand; genetic algorithms;
bike rental

Parameters and variables Description. To
construct the model, we can define the following
variables and parameters:
n - The total number of bike rental stations
which need to be scheduled;

INTRODUCTION
In the rental stations, the distribution of
morning peak hour urban public bike has a
significant impact between public bike scheduled
start time and scheduling assignments. So, through
recording public bike rental stations' bike rate
(borrow rate and return rate) by monitoring
historical data during morning peak hours, and the
scheduled start threshold, we can get any situations
of scheduled start time of public bike. At this stage,
we still lack theory for the rational distribution of
bike rental stations. Now dispatchers often operated
it by experience. It affects the stability of the

Ci

- The parking piles of actual numbers of the
rental stations i (the maximum storage capacity of
public bike);
Li
- The number of public bike storage of
rental stations i (before scheduling);

Li

˄ 0 ˅ - Model variables which requires
solution;

Oi -

During peak hours, the borrow rate of
users go to the public bike rental stations i;
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Pi -

During peak hours, the return rate of
users who go to the public bike rental stations i;
D - The lower limit of the rental stations bike
storage rate;

i 1, 2,3,...., n

(6)

Li (0)  Li

(7)

Di

E - The upper limit of the rental stations bike

D , E  (0,1)

storage rate;
Upboundi- The upper limit of the public bike
rental stations i. If the number of public bike rental
stations i above the Upboundi, they would move the
public bikes to other bike rental stations which has
less stored;
Dboundi- The lower limit of the public bike
rental stations i. If the number of public bike rental
stations i , which under the Upboundi, they must
move the public bikes to this bike rental stations;

(8)

Equation (1) is the objective function of this
model, the scheduling goal is the latest scheduled
start time and the strongest integral stability.
Equation (2) is the number restricted of urban
public bike. In other words, the number of bikes in
rental station is same (before or after the
scheduling). Equation (3) is the relation between
return and borrow rate. Equation (4) is the
relationship between the storage capacity and
scheduling start threshold. Equation (5) is public
bikes, which have been scheduled in rental stations,
must meet conditions of parking. Equation (6) is the
time when the rental stations send the scheduling
request with scheduling plan. Equation (7) is the
relationship between the public bikes numbers of
storage and demand. Equation (8) is the range of
bike storage rate threshold, when the scheduling
request had already generated.

ti

- The scheduling request time of the public
bike rental station i. The time is less than the lower
storage bound or higher than the upper storage
bound.

Di - The demand of public bike rental
D
scheduling numbers of stations i. If i <0, rental
station i have the necessary to swap out the public

D

bikes; If i ˚0, rental station i have the necessary
to swap in the public bikes.

RESULTS AND DISCUSSIONS

Model creation. We build the urban public
bike rental station scheduling model. The system
would have the latest scheduled start time and the
strongest integral stability during the peak hours:

Z

max(min(ti ))
n

¦ L (0)

i 1

(2)

i 1

n

¦P

i

i 1

Upboundi
i

Algorithm Design Coding. The algorithm
should have integer programming by decimal code.
It not only can save a lot of decoding and encoding
work, but also can increase accuracy.

i

i 1

¦ Oi

(1)

n

s.t.: ¦ Li
n

Genetic algorithm imitates natural biological
laws of evolution. It is a kind of search method of
global stochastic optimization. This algorithm can
automatically accumulate and gain knowledge for
space searching, and also can find the optimal
solution.

Fitness calculation. Basically speaking, the
fitness is foundation between the measure of
individual merits and the implementation of genetic
algorithms. So, according to the formula we can

(3)

D Ci , Dboundi

E Ci

1, 2,..., n

(4)

find

Fit ( Li (0))

Li (0)  [ Dboundi , Upboundi ]
i

1, 2,..., n

Fit ( Li (0)) :

(5)

min(ti )

(9)

Generate initial population. Genetic
algorithms defined initial population as a starting
point, and randomly generated individuals. Public
bike storage, which in individuals rental station, can
be calculated as follows:

Li(0)+(ȝi-Ȝi)ti>Upboundi
ȝi !Ȝ
or
 Li (0)  ( Pi  Oi )ti˘Dbound i
®
¯ Pi˘Oi
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Li(0)=[(Upboundi - Dboundi)?rand+Dboundi@L «Q-1

Ln (0)

n

n 1

i 1

i 1

(10)

¦ Li  ¦ Li (0)
(11)
greater fitness of individuals as a new entity, which
until being consistent with the size of the
population.

Picking. We can select it by contesting of two
persons. In other words, we will randomly select
two individuals every time, then its fitness can be
calculated separately, finally we can choose a

˄psi ze- 1˅+1) Fitness˖Fit(1)
Individuals 1ˈ round (rand u

˄psi ze- 1˅+1) Fitness˖Fit(2)
Individuals 2ˈ round (rand u
Variation. Variation is another way to
produce a new individual. In order to meet the
constraints, we need to restrict the mutation point
from the 1 to (n-1) bit. According to variation of the
non-uniform, we can solve this model.

Rand expresses random number interval [0,1].
Round expresses rounding function. Psize expresses
the population size. If Fit (2) <Fit (1), it would
choose individuals 1 as a new individual.

L 'i (0)

 Li (0)  ( Li (0)  Dboundi ) u rand u
°(1  gen / max gen)2rand˘0.5
°
®
° Li (0)  (Upboundi  Li (0)) u rand u
°
¯(1  gen / max gen)2randı0.5

(13)

Step5, we need to determine population
evolution generation which one whether reaching
the maximum number of iterations. If
Gen=Maxgen, beginning step 6, Otherwise
Gen=Maxgen+1, back to step 3.
Step 6, we summarize the genetic algorithm
operation and output the result.

Algorithm steps. Step1, we need to enter the
population size, the length of gene sequence,
crossover operation, mutation operation and the
largest iterative algebra etc;
Step2, according to the equation (10), (11) to
generate the initial population, it is considered the
first-generation solutions, and then selected
randomly from two individuals from the
population.
Step3, according to the equation (9), we can
calculate on the fitness of individual population.
We need to compare the size of individual fitness,
and then elect the larger one. This process need to
be repeated until keep equal between selected
individual and population size.
Step4, we continue to choose individual from
the population. We can have crossing operation by
formula (12), and then judging. If it was not
satisfying the constraints, we must have crossing
operation again. After the individual cross, we can
have an effective mutation by equation (13), and
then obtain a population of new generation
ultimately.

CONCLUSION
Calibration parameters. In this study,
Daxing District public bike rental as an example.
As the research goal, the beijing daxing
district(china) rental stations' numbers are 23.We
studied the bike scheme and identified the demand
of the actual scheduling, which aimed to meet the
demand of borrow and return in the morning peak
hour.
In scheduling eve, the total number between
each rental station bike storage and parking piles
were shown in Table 1; At peak hours, the borrow
and return rate in rental stations were shown in
Table 2.
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TABLE 1
The bike storage number and parking pile total number before scheduling
Station
No.
Storage
capacity
Number of
parking
pile

1
13
8
9
20

2
14
11
9
30

3
15
7
7
30

4
16
4
19
24

5
17
18
16
20

6
18
9
18
20

7
19
10
5
20

8
20
14
12
20

9
21
2
18
20

10
22
9
5
20

11
23
20
7
20

30

30

20

30

18

20

20

20

20

20

20

12

23

12

249

20
512

TABLE 2
The borrow and return rate of morning peak of each rental station
Station No.
Borrow rate
return rate

1
13
3
7
12
1

2
14
2
2
10
8

3
15
3
2
9
7

4
16
2
5
8
1

5
17
7
6
1
1

6
18
2
6
10
1

7
19
8
2
1
6

8
20
7
3
1
7

9
21
6
7
2
2

10
22
2
9
8
2

11
23
6
8
2
2

12
3
6

23
108
108

The start time of bike optimal schedule was 1.33h
in the morning peak hours.
The optimal solution of bike scheduling
demand and deposits number were shown in Table
3.

Solving process. We used Matlab(software) to
solve this problem, and set the size of the
population as follows: Psize=100, Maxgen=300,
Pm=0.1, Pc=0.6. After running three times, we got
the best solution. The process was shown in Fig. 1.

FIGURE 1
Relationship fig.

TABLE 3
The optimal solution of bike scheduling demand and deposits number.
Station No.
Bike numbers
Storage capacity
Number of
scheduling
demand

1
13
8
9
4
16

2
14
11
9
12
14

3
15
7
7
12
8

4
16
4
19
10
13

5
17
18
16
13
11

6
18
9
18
5
11

7
19
11
5
14
8

8
20
14
12
12
9

9
21
2
18
10
11

10
22
9
5
7
14

11
23
20
7
12
14

12

-4

1

5

6

-5

-4

3

-2

8

-2

-8

-2

7

5

1

-6

-5

-7

3

-3

-7

9

7
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establish such an electrochemical system, a
microbial fuel cell (MFC) platform (Sun et al.,
2014; Schröder et al., 2015; Moreno et al., 2014)
consisting of two independent electrodes was
employed; electrons produced from the anaerobic
respiration anode were transferred to the pollutantcontained cathode, resulting in the electrochemical
reduction of contaminants.
Along this line, of our great interest is the
utilization of a nitroaromatic compound (NAC),
one of the organic contaminants having an
appreciable concentration in contaminated soils and
wastewaters (Lu et al., 2005; Qourzal et al., 2012),
as the electron acceptor in the cathode. However, a
direct reduction of NACs on carbon electrodes
might be kinetically limited. A redox mediator such
as ferric/ferrous (Fe(III)/Fe(II)) ion couple, known
for its facile reaction on carbon electrodes (Heijne
et al., 2006), could help to shuttle electrons from
the carbon cathode to, 2-nitrophenol, thereby
promoting the reductive transformation of aromatic
nitro group to the corresponding aniline through the
MFC. In fact, Fe(II) ion, a terminal product from
the
microbial
reaction
of
Fe-reducing
microorganisms (e.g., in the family Geobacteraceae
or Shewanella) and Fe minerals (e.g., goethite,
hematite, magnetite, etc.), is significantly abundant
in anoxic environments (Esther et al., 2015; Lentini
et al., 2012). In recent years, an increasing number
of studies (Field et al., 2012; Uchimiya, 2010) have
demonstrated that ferrous ion plays an important
role in anaerobic transformation of many organic
and inorganic compounds in contaminated soils and
ground waters.
In this paper, a two-chambered MFC
containing an anaerobic respiration anode and a 2nitrophenol feeding cathode was constructed. The
main goal of this investigation was to evaluate the
feasibility of using the Fe(III)/Fe(II) couple as the
electrochemical mediator for the complete
reductive transformation of 2-nitrophenol in the
cathode compartment of an MFC.

ABSTRACT
The utilization of ferrous ions (Fe(II)), one of
the abundant metal ions in environments, as
mediators for the electrochemical reductive
transformation of 2-nitrophenol was studied in the
cathode compartment of a microbial fuel cell
(MFC). Two-chambered MFC measurements were
performed to demonstrate that the no voltage output
was observed in Fe(II)-only or 2-nitrophenol-only
cathodic solution. In contrast, the presence of both
Fe(II) ions and 2-nitrophenol solution in the
cathode enabled the complete reductive degradation
of 2-nitrophenol accompanied with energy
generation. In addition, the elevated initial
concentration
of
2-nitrophenol
and
the
complexation of Fe(II) species with an organic
ligand significantly promoted voltage output,
suggesting the increase in the reduction rate of 2nitrophenol transformation. These findings show
insights into the role of Fe(III)/Fe(II)
electrochemical couple in the degradation of a
reductive pollutant through the MFC technology.

KEYWORDS:
Electrochemical mediator; Microbial fuel cell; 2-Nitrophenol; Ferrous ion

INTRODUCTION
The electrochemical reductive transformation
of organic pollutants such as nitro aromatic
compounds (Casella and Contursi, 2014), chloride
aromatic compounds (Sun et al., 2010) has been
suggested to be a useful technology for wastewater
remediation. However, the high expense of
significant power consumption might preclude the
widespread acceptance of this technology (Laine
and Chen, 2007). Finding a new way to eliminate
the use of external energy is economically
attractive. To this end, we demonstrate the concept
of employing electrons donated by an extracellular
respiration of microorganisms to drive the
electrochemical reduction of pollutants. To
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(PGSTAT 30, EcoChemie) at 30 °C. The working
electrode was the carbon felt of the same size (4.5
cm× 4.5 cm) as that used in MFCs. A saturated
calomel electrode (SCE) was used as the reference
electrode and a platinum mesh served as the counter
electrode. Prior to each test, the electrolyte was
deoxygenated by bubbling pure nitrogen gas for 30
min and all the experiments were performed by
keeping a stream of nitrogen over the surface of the
electrolyte. The solution in the electrochemical cell
was composed of 1.0 mM of FeSO4; MOPS buffer
(pH 6.5); and 1 mM of citric acid.

MATERIAL AND METHODS
Anodic microorganisms and growth
medium. Klebsiella pneumoniae (K. pneumoniae)
strain L17 (CCTCC AB 208106), isolated from
subterranean forest sediment, was grown in the
anodic compartment of the fuel cell. The growth
medium consisted of 5.84 g/L of NaCl; 0.10 g/L of
KCl; 0.25 g/L of NH4Cl; 12.00 g/L of
Na2HPO4·12H2O; 2.57 g/L of NaH2PO4·2H2O;
10 mL of vitamin solution and 10 mL of mineral
solution. The preparation of the necessary vitamin
and mineral solution was referred to procedures
described elsewhere (Lovley and Phillips, 1988).
The pH of this medium was adjusted to 7.0 by
addition of NaOH. Pure substance (glucose 3 g/L)
was added to the anode compartment as an electron
donor. The above medium was sterilized by
autoclaving at 121 °C for 20 min prior to use.
Before inoculating the anodic compartment, the
microorganism was allowed to grow for 18 h at 30
°C in the growth medium, operated in a rotary
shaker at 150 rpm.

Concentration analyses of 2-nitrophenol. A
high-performance liquid chromatography (HPLC)
equipped with Waters 1525 Binary pump, an
analytical reversed-phase column (5 Pm SymmetryC18, 4.6 mm, 250 mm, Waters, USA) and a Waters
GXDOȜ$bsorbance ultraviolet/visible detector
was used to monitor concentrations of 2nitrophenol as a function of reaction time in the
cathode chamber. The standard deviation of
individual HPLC analysis was controlled less than
2 %.

Cathode solution. The chemicals added to the
cathode chamber were 1.0 mM of FeSO4 and 2nitrophenol with various concentrations in the range
between 0.036 mM to 0.288 mM. When required,
FeCl3 (1.0 mM) solution was also used as the
cathode oxidant. In some cases, one mM of citric
acid was added to the solution, serving as the ligand
of
Fe(II).
MOPS
(3-[N-morpholino]
propanesulfonic acid) buffer was applied to control
the pH value at 6.5. The electrolyte used in the
cathode chamber was 0.2 M of NaCl solution. To
prevent oxidation of Fe(II) ions, the cathode
compartment was purged continuously with pure
nitrogen throughout experiments.

RESULTS AND DISCUSSION
Fe(II)-mediated 2-nitrophenol degradation
and voltage generation. When pure Fe(III) ions
were fed to the deoxygenated cathode chamber, the
MFC immediately produced a voltage up to a
maximum value of 153 mV with an external
UHVLVWRU RI  ȍ )LJ  D  The generated cell
voltage was observed to drop slowly over the next
300 min and decrease sharply over the subsequent
400 min. These results are ascribed to the
consumption of Fe(III) ions in the cathode reactor
as time proceeds. By analyzing the sample taken
from the cathode chamber when the cell voltage
reached nearly 0 mV, it was found that Fe(III) ions
completely depleted and Fe(II) ions were
significantly present (data not shown).
It was important to note, from Fig. 1 (a), that
upon addition of fresh 2-nitrophenol (0.144 mM) to
the cathode chamber enriched with Fe(II) ions, the
cell voltage immediately increased to 75 mV. In
contrast, the addition of the organic pollutant with
the same concentration to a Fe-free catholyte did
not cause the obvious increase in voltage output
(shown in the inset of Fig. 1 (a)). These
observations indicate that the reduction of 2nitrophenol on the carbon felt electrode is
kinetically limited. However, when Fe(II) ions are
available in the cathode chamber, the reaction of
Fe(II) ions with 2-nitrophenol occurs. The newly
resulting Fe(III) ions actually serve as electron
acceptors which contribute to the enhanced cell

MFC construction and operation. The
schematic design of the MFC which consisted of
two identical compartments separated by a proton
exchange membrane (Nafion 117, Dupont) was
reported elsewhere (Heijne et al., 2007). Each cell
chamber made out of poly (methylmethacrylate)
had a working volume of 75 mL. Both anode and
cathode used here were carbon felt with a projected
area of 4.5 cm × 4.5 cm. Ti wire inserted inside the
carbon felt was used to connect the circuit. All
MFC tests were conducted at a controlled
temperature of 30 °C and atmospheric pressure. The
voltage generation was recorded every two minutes
by use of a 16-channel voltage collection
instrument (AD8223, China) connected to a
personal computer.
Cyclic voltammetry (CV) tests. CV tests
were performed in a conventional three-electrode
electrochemical cell using an Autolab potentiostat
1540
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Fe (II)
NO 2

NH 2

Fe (II) +

+ Fe (III)
OH



further gives rise to the voltage drop. Therefore, it
can be concluded that the degradation of 2nitrophenol is activated by the presence of Fe(II)
ions, as evidenced with the decrease in voltage
output (Fig. 1 (a)).
Further studies with the reduction kinetics of
2-nitrophenol were then performed. Fig. 1 (b)
shows that there is a linear relationship between the
concentration of 2-nitrophenol (C) with the reaction
time (t) when the MFC was operated in the
presence of Fe(II) ions and 2-nitrophenol.

voltage. Accordingly, we propose the following
abiotic reactions involved in the cathode. In our
view, the first reaction associated with the electron
transfer from Fe(III) to Fe(II) on the carbon
electrode is kinetically fast. The second reaction
relevant to the reduction transformation of 2nitrophenol with Fe(II) is comparatively slow
which might determine the overall performance
(represented by voltage output in this study) of the
MFC. It can be seen from the second reaction that a
decline in the concentration of 2-nitrophenol results
in a decrease in the concentration of Fe(III) which

Fe (III) + e



(2)

OH

This indicates that the degradation of this
organic pollutant typically follows the zero-order
kinetic rate law. Linear fit analysis was then used to
calculate the rate constant (k). The obtained k value
of 0.012 mol L-1 min-1 demonstrated the
successful reduction of 2-nitrophenol mediated with
Fe(II) ions through the MFC technology.

Cell voltage (V)

0.20

Effects of 2-nitrophenol concentration and
Fe(II) complex on voltage output. As discussed
above, the rate-determining reaction of 2nitrophenol degradation played a significant role in
determining the cell performance of an MFC.
Voltage output was then measured here at a range
of conditions to access the influence of 2nitrophenol concentration and Fe(II) complex on
the reductive rate of 2-nitrophenol transformation.
MFC tests were first started from a mixed
solution consisting of Fe(II) ions (1 mM) and 2nitrophenol with various concentrations (from
0.036 mM to 0.288 mM). The effect of the
concentration of 2-nitrophenol on the voltage was
displayed in Fig. 2. Clearly visible was that no
voltage was generated when the cathode chamber
contained only Fe(II) species. Raising the
concentration of 2-nirophenol resulted in an
increase in the voltage output. This trend is
attributed to the elevated concentration of Fe(III)
ions produced from the reaction (2), further
confirming the degradation of 2-nitrophenol with
Fe(II) is the rate-determining step.

0.15

(a)

0.18

Addition of 1 mM
Fe (III) ions

0.12

Addition of 0.144 mM
2-nitrophenol alone

0.06
0.00
0

0.10

1000

2000

3000

Addition of 0.144 mM
2-nitrophenol

0.05

0.00

0

1000

2000

3000

Time (min)

(b)

0.15

C (mM)

0.12
2

R = 0.992
P < 0.0001

0.09

0.06

0.03

0.00

0

500

1000

1500

2000

Time (min)
FIGURE 1
(a) Cell voltage as a function of time at a fixed
UHVLVWRURIȍArrows indicate the addition
of the fresh solution to the cathode. The inset
shows cell voltage as a function of time in the
absence of Fe(III). (b) Residual concentration of
2-nitrophenol as a function of time. Degradation
of 2-nitrophenol follows a zero-order kinetic
model according to the linear fit.
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(a)

(1) 1 mM Fe(II) + 0 mM
2-nitrophenol
(2) 1 mM Fe(II) + 0.036 mM 2-nitrophenol
(3) 1 mM Fe(II) + 0.144 mM 2-nitrophenol
(4) 1 mM Fe(II) + 0.288 mM 2-nitrophenol

0.18



0

600

1200

1800

2400

3000

Time (min)

3000

Time (min)
20

FIGURE 2
Cell voltage as a function of time at a fixed
UHVLVWRURIȍREWDLQHGE\YDU\LQJWKHLQLWLDO
concentration of 2-nitrophenol. The initial
concentration of Fe(II) is 1.0 mM.

(b)

(1)
(2)

Current ( P A)

10

Complexation of Fe(II) species with an
organic ligand (e.g., citric acid) is capable of
shifting the redox potential of Fe(III)/Fe(II) redox
couple to a low value, leading to an enhanced
reactivity of Fe(II) species [10]. This study further
investigated the effect of Fe complexation on the
voltage output of MFCs. Fig. 3 (a) shows the
generated cell voltage as a function of time in the
presence and absence of an organic ligand,
respectively. By comparison, it can be seen that use
of citric acid complexed with Fe(II) improves the
voltage output and at the same time raises the speed
of voltage slowdown. These observations are
correlative to the enhanced reduction rate of 2nitrophenol caused by the reactive Fe(II) species in
the presence of citric acid. An electrochemical
analysis (e.g., CV) with the redox behavior of
Fe(II) species provided direct evidence that its
oxidation potential was highly sensitive to the
complex. As revealed in Fig. 3 (b), the citric acidcomplexed Fe(II) species had a more negative
oxidation potential than did the citric acid-free
counterpart, suggesting an enhanced Fe(II)
reactivity upon complexation.

0

-10

(1) Fe(II) w/o citric acid
(2) Fe(II):citric acid = 1:1

-20
-1.0

-0.5

0.0

0.5

1.0

Potential (V) vs. SCE

FIGURE 3
(a) Cell voltage as a function of time at a fixed
UHVLVWRURIȍREWDLQHGLQWKHSUHVHQFHRI
Fe(II) ions (1.0 mM) with and without citric acid
(1 mM). The initial concentration of 2nitrophenol is 0.144 mM.
(b) Cyclic voltammograms of Fe(II) species with
and without citric acid on the carbon felt
electrode. The scan rate is 50 mV/s.

CONCLUSIONS
We have demonstrated the feasibility of using
Fe(III)/Fe(II) couple as an electrochemical mediator
that facilitates a complete reductive transformation
of 2-nitrophenol accompanied with voltage
generation through the MFC technology. The
voltage output, in correlation with the reduction rate
of 2-nitrophenol transformation, was found to be
highly sensitive to the initial concentration of 2nitrophenol and Fe(II) complex. Due to the
abundance of Fe(II) ions and organic ligands in
nature, this novel technology that enables the
degradation
of
organic
pollutants
and
simultaneously allows the generation of energy
instead of the consumption of energy, in our view,
is environmentally attractive.
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FARMYARD MANURE USAGE MITIGATES THE HARMFUL
EFFECT OF NaCI ON GERMINATION AND SEEDLING
GROWTH OF SILAGE MAIZE (ZEA MAYS L.)
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1
Akdeniz University, Faculty of Agriculture, Field Crops Department, 07100 Antalya/Turkey
Dreamagri Agriculture, Plant Nutrition Expert, 6LULQ\DOÕ0DKDOOHVLVRNDN0XWOX$SW Antalya/Turkey

2

for livestock and poultry and raw material for agrobased industries (Kayani and Rahman 1987).
Moreover, maize ranks third in term of the growing
area of cereals that are grown a wide range of
environmental conditions (Paterniani, 1990).
Rahman et al. (2000) reported maize to be more
tolerant to salt stress at germination than at later
stages of growth. In addition, maize is classified as
moderately salt sensitive crops (FAO 1999).
Organic amendments are known to be
beneficial for amelioration the soil conditions
(Ounia et al., 2014; Sürücü et al., 2014; Kusvuran
et al., 2015). As stated by Sensoy et al., (2006), FM
application is found to be beneficial for seedling
growth; furthermore, supplemental FM application
reduced the heavy metal uptake of the plant.
As understood from the earlier studies, organic
amendments could mitigate the adverse affects of
some undesired phenomenon such as salinity etc.
Therefore this work focuses on the evaluation of
beneficial effects of organic manure on germination
and early seedling growth of silage maize in terms
of the hazardous affect of salinity.

ABSTRACT
Different doses of farmyard manure (FM)
application effect positively on the germination rate
and seedling growth of silage maize (Zea mays L.)
subjected to different salinity levels. FM was
applied at three levels including 0-20-40 ton ha-1 to
the maize plants grown under the salinity (S) levels
of 0-75-150 mmol NaCl L-1. Germination rate (%),
stem and root length (cm), stem and root dry weight
(g) were recorded. FMXS interaction was found to
be significant; however, seedling growth is not
influenced statistically by FM alone. Sharp
decrease in the stem length, root length, stems and
in root dry weight by the elevated NaCl doses was
noted. Finally, FM tended to mitigate the harmful
effects of NaCl especially on germinating stages
has been found.

KEYWORDS:
Salinity, Farmyard
Seedling Growth.

Manure,

Maize,

Germination,

INTRODUCTION

MATERIALS AND METHODS

Salinity is one of the most common problems
especially in arid and semi-arid regions. According
to the FAO (2015), over 6% of the world's land is
affected by either salinity or sodicity. Seed
resistance to increased salinity during the
germination is essential for plant survival in the
field, consequently for its further development and
high yield performance (Radic et al, 2007; Shonjani
2002; Szulc et al., 2012; Szulc et al., 2012).
Furthermore, salt stress adversely affects plants at
all stages of their life cycle, but many plants are
most sensitive to salt during seed germination. As
stated by Greenway and Munns (1980) high
concentrations of soluble salts in soil cause
reduction in the germination percentage and delay
germination of seeds of many plant species.
Maize (Zea mays L.), which is one of the most
important cereal crops growing in the world, is
commonly used as food and corn oil for human
consumption, and secondly is a silage material used

The experiment was laid out in the
greenhouse, Akdeniz University Seed Research
Centre in 2015. Silage maize cultivar EGE F1 by
which was bred by BATEM was used as test plant.
The plants were subjected to 0 (control)-75-150
mmol NaCl salinity levels with different FM
containing soils, 0 (control)-20-40 ton ha-1. The
soils were taken from the open field, as it is, Table
1 indicates the chemical analysis results of that soil.
The pots were filled on the weight basis, 0.5 kg of
soils, and watering was applied depending on the
field capacity (FC) and wilting point (WP) of the
soil. The water status of the soils was kept to 75%
of its FC and irrigation was started when the soils
reached to 50% of its FC.
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Growth Parameters. At 11th day of the
experiment, root and stem lengths were measured
(cm) and mean values were also determined. The
dry weights of the stems and roots of the seedlings
were measured immediately after 11th days, after
having dried at 70°C for 24 h.

TABLE 1
Chemical and some physical parameters of the
soil.
Parameters
N, %
P, ppm
K, me/100 g
Ca, me/100 g
Mg, me/100 g

Value
0.11
10.0
0.40
14.9
1.05

Fe, ppm

1.22

Cu, ppm

0.30

Mn, ppm

2.15

Parameters
Zn, ppm
pH
EC, dS/m
CaCO3, %
Organic Matter,
%
Texture
Field Capacity,
%,
Wilting Point,%

Value
0.73
7.12
0.08
12
1.74

Statistical. The experiment was conducted by
using 2 factorial randomized parcel designs with 4
replications. The data of germination percentage
was given as % by days. Results were analyzed via
the SAS software package. Mean values were
FRPSDUHGE\'XQFDQ¶VPXOWLSOHUDQJHWHVWVLQ6$6
statistical package program.

Clay
loam
33.5
18.7

RESULTS AND DISCUSSIONS
For salinity, NaCl were used at different
concentrations and all solution preparations and
also the irrigation were conducted with pure water.
Biofarm was used as a source of FM, mixed the
soils to get desired doses. Biofarm is a certified
organic manure containing 2.5 % organic N, 3.0 %
K2O, 2.5 % P2O5, 60 % organic matter and pH of 78.

Table 2 shows the variance analysis results of
the experiment, indicating the statistical relations
among the treatments to a different extent on each.
FM applications did not respond significantly;
however, interactions did except for root dry
weight. Salinity levels had a statistically significant
effect on seedling parameters. Elevated doses of
NaCl in combination with FM had beneficial
effects on seed germination rate (GR), as given in
Figure 1. After 7th day, nearly the all seeds
germinated depending on the NaCl and also FM
applications. The more the salinity increase, the
lower seed germinate is well known. Moreover, the
main reason why the seed germination is inhibited
under the high saline conditions is mainly related to
the repression of water uptake (Mansour 1994).
Radic et al., (2007) studied maize and found that
the increased concentration of NaCl negatively
affected the germination and development of maize
seedlings.
Naturally, 0 mmol NaCl (NaCl-control) gave
the highest levels of GR in all treatments; however,
the response of supplemental FM applications
differs among the NaCl doses. In addition, elevated
NaCl doses inhibited the GR clearly, but not for all.
Nonetheless, 40 ton ha-1 FM application could
mitigate the hazardous effects of NaCl especially in
150 mmol NaCl L-1.

Experimental. The experiment begun on May
31, 2015 and maize seeds were directly sown to the
pots in which were adjusted to have 5 seeds per
each. In the study, 4 salinity levels, 3 FM doses
were tested with 4 replications, so 48 pots were
used. Pots having 0.5 kg of soils were treated by 20
and 40 tons of FM then transferred to greenhouses.
After that, the water was applied to reach the 75%
of its FC. Germination was observed every day and
having reached the seedling stages the study was
terminated at the end of the 11th day.
Measured parameters. The germination was
recorded daily during 11 days and was converted to
percent (%) via the following formula:
Germination percentage (%) = Number of
germinated seeds on a given day *100/ Number of
total seeds

TABLE 2
Variance analysis results on the seedling growth parameters.
Sources

Stem Length(cm)

Root Height(cm)

Farmyard Manure (FM)
Salinity (S)
FMXS

N.S
***
**

N.S.
***
**

Significance: * 0.05, ** 0.01, *** 0.001, N.S. Not Significant
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Stem Dry
Weight(g)
N.S.
***
*

Root Dry
Weight(g)
N.S.
***
N.S.
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FIGURE 1
Germination rate of maize plants exposed to different salinity and FM applications.

significant statistically. The sharp decrease on stem
lenght in dependence with elevated NaCl doses is
clear and be in agreement with former studies
($\GÕQúDNLUHWDO7RNHUHWDO 2009).
The root length (Table 4) also responded as
similar as noted by the stem length in which the
obvious decrease was realized by the elevated NaCl
doses. Similar to the stem length, 0 mmol NaCl
with 20 ton ha FM gave the statistically higher
level, different from the stem length that did not
show difference statistically (Table 4). Though
increased NaCl doses gave rise to a decrease on
root length, higher application of FM caused root
length to increase obviously, especially in 150
mmol NaCl with 40 ton ha FM application (Table
4). Banaras et al. (2002) reported FM addition to be
useful for saline soils.

As stated by Bagayoko (2012) combination of
organic amendments and soil washing reduced salt
effects but did not insure satisfactory plant growth
conditions. In addition, Under saline media,
Masciandaro et al. (2002) found that the addition of
humic substances (HS) to the solution of NaCl
(NaCl+HS) at high electrical conductivity (4 mS
cm-1 ) increased the germination index (GI) from
68.5 to 118%, suggesting that HS could reduce the
inhibitor effects induced by salinity on Lepidium
sativum and Zea mays. These results could be a
proof of our findings about the beneficial effects of
FM on germination.
Different NaCl and FM applications affected
the stem length distinctly. As seen Table 3, stem
length decreased significantly, but the changes
related to the FM doses were not found to be

TABLE 3
Effects of different FM and NaCl treatments on stem length (cm).
FM (ton ha-1)
0
20
40
NaCl mean

0
28.75 a
29.67 a
27.89 a
28.76 AY

NaCl (mmol L-1)Z
75
16.42 c
19.89 b
16.56 c
17.61 B

150
14.00 c
9.33 d
13.61 c
12.31 C

Significance: Farmyard Manure (FM ) : N.S.: Salinity (S) : ***: FMxS : **
Z
'LIIHUHQWOHWWHUVLQWKHVDPHFROXPQUHSUHVHQWVDGLIIHUHQFHDWDFFRUGLQJWR'XQFDQ¶VPXOWLSOHUDQJHWHVW
Y
: Different letters in the same row UHSUHVHQWVDGLIIHUHQFHDWDFFRUGLQJWR'XQFDQ¶VPXOWLSOHUDQJHWHVW
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FM
mean
19.72
19.62
19.35
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TABLE 4
Effects of different FM and NaCl treatments on root length (cm).

FM (ton ha-1)
0
20
40
NaCl mean

0
25.25 b
32.33 a
28.00 ab
28.75 AY

NaCl (mmol L-1)Z
75
16.75 c
19.56 c
19.67 c
18.65 B

150
14.33 cd
10.33 d
16.44 c
13.70 C

FM
mean
18.78
20.74
21.37

Significance: Farmyard Manure(FM ) : N.S. Salinity (S) : *** FMxS : *
Z
'LIIHUHQWOHWWHUVLQWKHVDPHFROXPQUHSUHVHQWVDGLIIHUHQFHDWDFFRUGLQJWR'XQFDQ¶VPXOWLSOHUDQJHWHVW
Y
: Different letters in the same row represents a difference at 0.05 acFRUGLQJWR'XQFDQ¶VPXOWLSOHUDQJHWHVW

TABLE 5
Effects of different FM and NaCl treatments on stem dry weight (g).
FM (ton ha-1)
0
20
40
NaCl mean

0
0.18 a
0.14 ab
0.12 bc
0.14 AY

NaCl (mmol L-1)Z
75
0.08 cde
0.11 bcd
0.09 bcde
0.09 B

150
0.0 6e
0.07 de
0.10 bcde
0.07 B

FM
mean
0.11
0.10
0.10

Significance: Farmyard Manure(FM ) : N.S. Salinity (S) : *** FMxS : *
Z
'LIIHUHQWOHWWHUVLQWKHVDPHFROXPQUHSUHVHQWVDGLIIHUHQFHDWDFFRUGLQJWR'XQFDQ¶VPXOWLSOHUDQJHWHVW
Y
: Different lettHUVLQWKHVDPHURZUHSUHVHQWVDGLIIHUHQFHDWDFFRUGLQJWR'XQFDQ¶VPXOWLSOHUDQJHWHVW

higher impact on seedling growth than on field
germination capacity.

Table 5 gives the dry weight of the stem,
which represents the statistically significant
differences among the NaCl doses. The decreasing
the root dry weight in relation to NaCl doses, and
the beneficial effects of FM could be fixed;
however, there was no significance relation. This
event indicates the supplemental FM addition could
be useful.
The similar response of the maize to the
elevated NaCl doses was taken for root dry weight
as shown in Table 6. However, higher FM
application had a beneficial effect on root dry
weight, as given the other parameters, but no
significant relation was recorded.
Similar results were reported by Akram et al.
(2007) and Ashraf DQG 2¶OHDU\   5HJDUGOHVV
of the germination rate, FM application could not
respond well in term of seedling growth
statistically. This situation was addressed by
Kaddah and Gowail (1964) found that salt had a

CONCLUSION
That the elevated dose of NaCl inhibits the
germination as well as the seedling growth is clear.
However, supply of FM could partly mitigate the
negative effect of NaCl, especially in the
germination stages. The other growing parameters
such as plant height and root height etc., were
negatively influenced by the NaCl. Regarding the
beneficial effect of FM application 40 ton ha-1
rather than 20 ton ha-1 application appeared to be
better, even though there were no statistical
significance on seedling growth parameters,
regardless of the interaction. Thus,

TABLE 6
Effects of different FM and NaCl treatments on root dry weight (g).
FM (ton ha-1)
0
20
40
NaCl mean

0
0.44 a
0.47 a
0.47 a
0.45 AY

NaCl (mmol L-1)Z
75
0.12 b
0.18 b
0.18 b
0.16 B

150
0.13 b
0.13 b
0.16 b
0.14 B

Significance: Farmyard Manure(FM ) : N.S. Salinity (S) : *** FMxS : N.S.
Z
: Different letters in the same column represents a difference at 0.05 according to 'XQFDQ¶VPXOWLSOHUDQJHWHVW
Y
'LIIHUHQWOHWWHUVLQWKHVDPHURZUHSUHVHQWVDGLIIHUHQFHDWDFFRUGLQJWR'XQFDQ¶VPXOWLSOHUDQJHWHVW
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FM
mean
0.23
0.26
0.27
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Contents of Lucerne (Medicago sativa L.) and
Soil. Fresenius Environmental Bulletin 24:764772.
[11] Malek, T., Kaddah, M.T. and Ghowai l, S.I.
(1964) Salinity Effects on the Growth of Corn
at Different Stages of Development. Agronomy
Journal 56:214-217.
[12] Mansour M.M.F. (1994) Changes in Growth,
Osmotic Potential and Cell Permeability of
Wheat Cultivars under Salt Stress. Biologica
Plantarum 36: 429-434.
[13] Masciandaro, G., Ceccanti, B., Ronchi, V.,
Benedicto, S. and Howard, L. (2002) Humic
Substances to Reduce Salt Effect on Plant
Germination and Growth. Commun Soil Sci
Plant Anal 33:365-378.
[14] Ounia, Y., Ghnayaa, T., Montemurrob, F.,
Abdellya, Ch. and Lakhdara, A. (2014) The
Role of Humic Substances in Mitigating the
Harmful Effects of Soil Salinity and Improve
Plant Productivity. International Journal of
Plant Production 8:1735-8043.
[15] Paterniani, E. (1990) Maize Breeding in
Tropics. Cri Rev Plant Sci 9:125-154.
[16] Radic, V., Beatovic, D. and Mrda, J. (2007)
Salt Tolerance of Corn Genotypes (Zea mays
L.) During Germination and Later Growth.
Journal of Agricultural Sciences 52:115-120.
[17] Rahman M, Kayani S.A. and Gul, S. (2000)
Combined Effects of Temperature and Salinity
Stress on Corn cv. Sunahry. Pak J Biol Sci
3:1459-1463.
[18] Sensoy, S., Turkmen O., Cirka, M., Dursun A.
and Tufenkci, S. (2006) Sewage Sludge and
Farmyard Manure Ratios in Growing Media
Affect Nutrient and Heavy Metal Content in
Cucumber. Fresenius Environment Bulletin
15:1408-1412.
[19] Shonjani, 2002. Salt Sensitivity of Rice, Maize,
Sugar Beet, and Cotton During Germination
and Early Vegetative Growth. Inaugural
Dissertation Faculty of Agricultural and
Nutritional Sciences, Home Economics and
Environmental Management. http://geb.unigiessen.de/geb/volltexte/2002/888/pdf/d020189
.pdf
[20] Sürücü, M., Özyazici, A., Bayrakli, B. and
Kizilkaya, R. (2014) Effects of Green
Manuring on Soil Enzyme Activity. Fresenius
Environmental Bulletin 23:2126±2132.
[21] Szulc, P. and Bocianowski, J. (2012)
Quantitative Relationships Between Dry
Matter Production and N, P, K and Mg
Contents, and Plant Nutrition Indices,
Depending
on
Maize
Hybrids
(Zea
mays L.). Fresenius
Environmental
Bulletin 21:1740-1751.

the higher doses of FM could give possibly better
results in mitigating the salinity hazards and further
studies should be carried out in order to understand
well the relationships between FM and NaCl.
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b

has been obtained [6]. Nonetheless, since the
adsorption layer of pyridine on CuInS2
photocathode prevent the reaction intermediate
from arriving at cathode surface, the reaction rate is
low, which is a common disadvantage for CO2
reduction process with the cocatalysis of pyridine
[3,4,6]. By immobilizing pyridine on CuInS2
photocathode, pyridine blocking layer will be
changed into reactive layer; in addition, the
problem of separating pyridine from the reaction
system can be solved. Although pyridine can be
capped on colloidal CuInS2 nanoparticles by ligand
exchange, it is difficult to anchor pyridine on
CuInS2 thin film, for there is fewer unsaturated
bonds on CuInS2 thin film [7]. So far, there is no
report on pyridinyl-immobilized CuInS2 thin film.
In this study, pyridinyl-immobilized CuInS2
thin film is developed; and using it as the
photocathode,
the
solar-driven
photoelectrochemical reduction of CO2 to methanol
is studied.

ABSTRACTS
A pyridinyl-immobilized CuInS2 thin film is
developed, and the coverage of pyridinyl group on
CuInS2 thin film is investigated. Using the
immobilized CuInS2 thin film as the photocathode,
the solar-driven photoelectrochemical reduction of
CO2 to methanol is studied. Methanol yield reaches
the maximum at the underpotential of 72 mV at pH
4.4, and Faraday efficiency for methanol is 98%. In
addition, pyridinyl-immobilized thin film is stable
for 10 h. The diffusion of CO2 might be the ratedetermining step in photoelectrochemical reduction
of CO2, and methanol yield increases by 6.6 times
when using semi immersion electrode. Therefore, it
is expected that the gas diffusion electrode can
enhance methanol yield significantly.
KEYWORDS:
carbon dioxide reduction; methanol; CuInS2 thin film;
immobilized electrode.

MATERIALS AND METHODS

INTRODUCTION

Fabrication
of
pyridinyl-immobilized
CuInS2 thin film. CuInS2 thin film was fabricated
by electrochemical co-deposition of Cu-In alloy
layers followed by sulfurization [8]. CuInS2 thin
film was cyclically polarized in 0.2 M NaOH
aqueous solution for 50 cycles in potential range of
0 to -1.000 V (vs. saturated calomel electrode, SCE)
under visible light illumination (100 mW/cm2). The
pretreated CuInS2 thin film (1×1.7 cm2) was
immersed in 50 ml acetonitrile containing pyridine2-carbonyl chloride hydrochloride for 30min, then
30ml acetonitrile containing 0.45 g triethylamine
was introduced in pyridine derivative solution with
gently stirring. After 15 h, the resulted thin film
was rinsed with ethanol and deionized water, and
dried, thus pyridinyl-immobilized CuInS2 thin film
was obtained.

Carbon dioxide originated from the
combustion of fossil fuel is the culprit of global
warming. In addition to adopting low-carbon fuels
and improving energy efficiency, the reduction of
CO2 to valuable chemicals is an effective way to
retard global warming. However, due to the
chemical stability of CO2, the reduction of CO2 is
energy intensive. In order to harness the solar
energy, photochemical and photoelectrochemical
systems
have
been
developed,
and
photoelectrochemical systems can give higher yield
and selectivity [1-4]. However, extremely high
overpotential is the biggest barrier in
photoelectrochemical reduction of CO2 [5]. High
overpotential can decrease with the cocatalysis of
pyridine [1-4]. In our previous study, the p type
CuInS2 photocathode has been proposed for highly
selective reduction of CO2 to methanol at a lower
overpotential under visible light illumination, and
the average rate of CO2 reduction, about 2.6 g/m2·h

Photoelectrochemical reduction of CO 2. The
photoelectrochemical reduction of CO2 was
conducted on electrochemistry work station
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CHI650D (Shanghai Chenhua Instrument Co. Ltd.,
Shanghai, P. R. China) in a quartz glass beaker
containing 0.1 M acetate buffer solution. A
standard three-electrode arrangement was used with
pyridinyl-immobilized CuInS2 thin film (1×1.7 cm2)
as the working electrode, graphite sheet as the
counter electrode and SCE as the reference
electrode. The xenon lamp (AULTT, Beijing, PR
China) was used as the visible light source, and the
calibrated irradiation intensity is 100 mW/cm2.
Prior to the reaction, the electrolyte had been
purged with CO2 for 30 min. Product analysis was
accomplished using gas chromatography-mass
spectroscopy.
Methanol
concentration
was
measured by a gas chromatography (GC 4000A,
East & West Analytic, PR China) with a DB-Wax
(Agilent Technologies). The injector temperature
was held at 180 oC, the oven temperature was
maintained at 60 oC, and the detector temperature
was kept at 180 oC. During a typical run, only peaks
related to the elution of methanol and pyridine were
observed.

solution for 50 cycles in potential range of 0 to 1.000 V under visible light illumination.
Electrochemical etching has been developed to
remove Cu-S purity phase in CuInS2 thin film [9].
The reduction of CuS to Cu2S takes place at
approximately -0.850 V, then the interaction of
Cu2S with OH- in alkaline solution leads to the
intermediate CuOH [9]. Due to the formation of
CuOH, CuInS2 thin film surface is activated.
With the help of triethylamine, pyridine-2carbonyl chloride hydrochloride reacts with CuOH
on CuInS2 thin film surface, thus pyridinylimmobilized CuInS2 thin film is obtained.
The effect of pyridine-2-carbonyl chloride
hydrochloride concentration on the coverage of
pyridinyl group is shown in Figure 1. It indicates
that the coverage of pyridinyl group increases with
pyridine-2-carbonyl
chloride
hydrochloride
concentration from 0 to 40 mM, and levels off
above 40 mM. The saturated coverage might
correspond to CuOH concentration on CuInS 2 thin
film surface.

Electrochemical
measurement.
The
voltammetric measurement of the illuminated asprepared and pyridinyl-immobilized CuInS2
electrode was conducted in the above setup, and
scanning potential was set from 0.100 to -0.750V
(vs. SCE) at 50 mV/s.
The coverage of pyridinyl group on CuInS2
thin film electrode was measured in an aqueous
solution in the above setup by cycle voltammetric
method. The coverage can be calculated according
to the following equation
ī= Q/nAF
(Eq. 1)
Where ī (mol/cm2) is the coverage of pyridine,
Q (C) is the quantity of electricity which can be
estimated by integrating the cathodic peak area, n is
the number of transferring electrons and is 1 in the
reduction of pyridinum, A (cm2) is surface area of
pyridinyl-immobilized CuInS2 electrode, F is
Faraday constant (96485 C/mol).
The electrochemical impedance spectroscopy
experiments were conducted on electrochemistry
work station CHI650D. The scanning frequency
was set from 0.01Hz to 100 kHz, and the amplitude
was 0.1 Hz.

Photoelectrochemical reduction of CO 2 to
methanol at pyridinyl-immobilized CuInS2 thin
film photocathode. The flatband potential of asprepared CuInS2 thin film in acetate buffer solution
at pH 4.4 is measured to be -0.760V by open-circuit
voltage method, while that of the pyridinylimmobilized thin film is -0.450V, indicating the
surface nature is changed when modified with
pyridine derivative.
The cyclic voltammetric characteristics of asprepared and pyridinyl-immobilized CuInS2 thin
films are studied in acetate buffer solution at pH 4.4
as shown in Figure 2. When CO2 gas is introduced
into the solution, only the peak for hydrogen
evolution reaction (HER) occurs at illuminated asprepared CuInS2 thin film; in contrast, the cathodic
peak at -0.400V(vs. SCE) appears at illuminated
pyridinyl-immobilized CuInS2 thin film, which
should be attributed to CO2 reduction reaction. In
addition, the HER peak potential for pyridinylimmobilized CuInS2 thin film shifts more
negatively, indicating HER is inhibited.
The photoelectrochemical reduction of CO2 at
illuminated pyridinyl-immobilized CuInS2 thin film
photocathode is studied, and only methanol is
detected in the liquid product, indicating a high
selectivity. The applied voltage has a significant
effect on methanol concentration (Table 1), and the
maximum concentration of methanol, 1.13mM, is
achieved at -0.400V. Since the reduction potential
of CO2 to methanol at pH 4.4 is calculated to be 0.472V (vs. SCE) [10], the maximum methanol
yield is obtained at the underpotential of 72 mV. In
addition, Faraday efficiency for methanol is as high
as 98%.

RESULTS AND DISCUSSIONS
Fabrication
of
pyridinyl-immobilized
CuInS2 thin film. Since CuInS2 thin film surface is
inactive, it is difficult to graft pyridine to it. In order
to activate the surface, CuInS2 thin film was
cyclically polarized in 0.2 M NaOH aqueous
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Figure 1
Effect of pyridine-2-carbonyl chloride hydrochloride concentration on the coverage of
pyridinyl group.

FIGURE 2
Voltammetric curves for illuminated as-prepared CuInS2 thin film (black line) and pyridinyl-immobilized
CuInS2 thin film (red line) in acetate buffer solution at pH 4.4 with the introduction of CO 2. The coverage
of pyridinyl group on CuInS2 thin film is 9.4×10-9 mol/cm2.

TABLE 1
Effect of the applied voltage and pH of the electrolyte solution on methanol concentration in
photoelectrochemical reduction of CO2 *
Applied voltage (V)
pH
Methanol concentration (mM)
-0.350
4.4
0.96
-0.400
4.4
1.13
-0.450
4.4
1.06
-0.600
4.4
0.73
-0.400
3.6
0.73
-0.400
5.2
0.78
-0.400
6.0
0.73
-0.400
6.8
0.68
*
The coverage of pyridinyl group on CuInS2 thin film is 9.4×10-9 mol/cm2. Photoelectrochemical reduction is
conducted in acetate buffer solution for 5 h.
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shown in Figure 3. With increasing the coverage of
pyridinyl group, methanol yield increases. In
contrast, methanol concentration decreases at
pyridine coverage above 2.7×10-9 mol/cm2 in
photoelectrochemical reduction of CO2 at CuInS2
photocathode with the cocatalysis of pyridine [4].
Unlike pyridine blocking layer at CuInS2
photocathode, pyridinyl group at the immobilized
photocathode is changed into reactive layer.
The relationship of methanol yield to reaction
time is shown in Figure 4. Methanol concentration
increases with increasing time. In addition, the
stability of the immobilized photocathode was
examined. The coverage of pyridinyl group
decreases by 1.8% at 10 h, indicating the
immobilized photocathode is stable.

The relationship between pH of the electrolyte
solution and methanol yield is also shown in Table
1. With decreasing pH from 6.8 to 4.4, methanol
concentration increases from 0.68 to 1.13mM;
however, it decreases at pH below 4.4. In
thermodynamic term, the increase of proton
concentration will enhance methanol yield in the
reaction of CO2 to methanol according to the
following equation
CO2+6H++6e² o CH3OH+H2O

Eq(2)

Therefore, the decrease of pH from 6.8 to 4.4
enhances the yield of methanol.
The coverage of pyridinyl group on CuInS2
thin film has significant effect on methanol yield as

\
FIGURE 3
Effect of the coverage of pyridinyl group on methanol concentration in photoelectrochemical
reduction of CO2. Photoelectrochemical reduction is conducted in acetate buffer solution at -0.400 V
and pH 4.4 for 5 h.

FIGURE 4
Effect of reaction time on methanol concentration in photoelectrochemical reduction of CO 2. The
coverage of pyridinyl group on CuInS2 thin film is 9.4×10-9 mol/cm2. Photoelectrochemical reduction is
conducted in acetate buffer solution at -0.400V and pH 4.4.
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FIGURE 5
Electrochemical impedance spectra for photoelectrochemical reduction of CO 2 at pyridinyl-immobilized
CuInS2 thin film. (black line) -0.350V, (red line) - 0.400V. Photoelectrochemical reduction is conducted in
acetate buffer solution at pH 4.4, and the electrode area is 1.7 cm2.

increases by 6.6 times when using semi immersion
electrode. Therefore, it is expected that the gas
diffusion electrode can enhance methanol yield
significantly.

The electrochemical impedance spectroscopy
for photoelectrochemical reduction of CO2 at
pyridinyl-immobilized CuInS2 thin film is shown in
Figure 5. There are a semicircle in high frequency
region and a straight line at low frequency region.
The size of the semicircle is very small, and
remains almost unchanged with the polarization,
indicating that this portion of the impedance is
attributed to the ohmic process within the electrode
structure. The straight line corresponds to a
diffusion step, and the slope increases with
increasing applied voltage, indicating the diffusion
is accelerated. The electrochemical impedance
spectra imply the diffusion of CO 2 is ratedetermining step.
In order to improve the diffusion of CO2, the
semi immersion electrode is adopted. When the
upper edge is 3mm above the electrolyte solution
surface, methanol yield increases to 7.46 mM at 0.400 V and pH 4.4, which is 6.6 times of that for
full immersion electrode. Therefore, it is expected
that the gas diffusion electrode can enhance
methanol yield significantly.
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RESEARCH ADVANCES IN ORGANOPHOSPHORUS
PESTICIDE DEGRADATION: A REVIEW
Xiyan Ji, Qiang Wang, Wudi Zhang, Fang Yin
Yunnan Normal University, Kunming 650500, P. R. China

chromatography-mass spectrometry (GC-MS) to
determinate 14 insecticides and metabolites in
grapes and peaches [4].
Generally, OPs contain two primary varieties,
phosphate,
and
O-ethyl-S-propyl
phosphorothiolatex, as seen in Fig1. Among the
OPs that most widely produced and used in China,
R1 or R2 represents methoxyl (CH3O) or ethoxy
(C2H5O). X is for oxygen atom (O) or sulphur
atom (S). Z is for alkoxy, phenoxyl or other
complicated substituent group. It can form a variety
of compounds depending on which different
substituent group is present. According to their
structures, organophosphorus pesticides can be
divided into phosphate, phosphonic acid ester, and
phosphorous
amides
with
corresponding
glucosinolates derivatives.
Among
the
toxic
pesticides,
organophosphorus pesticide is the most common.
Organophosphorus pesticide toxicity studies had
shown that organophosphorus pesticides have
alkylation function which can poison animals and
human body. They can be absorbed by inhalation,
ingestion, and skin penetration. Thousands of
humans including children are affected by OPs
toxicity across the world annually. For instance,
children exposed to OPs are more likely to suffer
from attention deficit hyperactivity disorder
(ADHD) (Samuels and Obare, 2011). Importantly,
frequent use of OPs in agricultural practices and
their presence as residues in fruits, vegetables,
livestock, poultry products and municipal aquifers
are considered vectors for the exposure. As such,
OPs degradation has been a major concern in
environmental chemistry and is currently being
studied worldwide. This has lead to major
advancements in OPs degradation technologies.
The definition of OPs degradation is that OPs
chemical structure changes under some factors
correlated with environment, where the OPs
molecules are degrade into smaller molecules such
as CO2, PO43- and H2O. The degradation
phenomenon is divided into 3 steps [5]: ᬅInitial
degradation: OPs parent structure breaks down,
leading the change in characteristics; ᬆSecondary
degradation:
The
products
of

ABTRACT
The technologies related to the microbial
biodegradation of organophosphorus pesticide
biodegradation are currently being heavily
researched. This article reviews various types of
microbial degradation of organophosphorus
pesticide, degradation mechanism and degradation
genes and discusses the recent development trend
of microbial degradation of organophosphorus
pesticide. This paper also introduces the current
research status of biodegradation technologies
around the world including China. This paper
primarily presents the research results of
organophosphorus pesticide biodegradation. Lastly,
the authors exhibited some suggestions for further
researches.

KEYWORDS:
organophosphorus pesticide (OPs); biodegradation;
microbial degradation; microbial species; degrading
mechanism; degradation genes

INTRODUCTION
Pesticide is termed as chemical that kills or
slows down the growth of undesirable organisms.
Today, organophosphorus pesticide (OPs) is the
most commonly used category of pesticide used in
agriculture and horticulture practices, with as many
as 150 kinds of organophosphorus commodity
pesticides available in the world [1]. In China,
about 30 pesticides including insecticide, herbicide
and bactericide have been commonly used.
Pesticides are biologically active compounds
designed to interfere with metabolic processes and
environmental safety. And many researchers pay
attention to the field of OPs degradation. )RGDOH¶V
result shows that 47 strains were isolated from
Sicilian soils under different management systems
[2@:DQJ¶VUHVXOWVXJJHVWVWKDW070 mesoporous
TiO2 membrane) TiO2 membrane has good
potential
for
treatment
of
aqueous
organophosphorus pesticides [3]. Kotonia used gas

1556

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



R1 and R2 represent methoxyl (CH3O) and ethoxy (C2H5O), respectively.
X is for oxygen atom (O) or sulphur atom (S).
Z is for alkoxy, phenoxyl or other complicated substituent group.

FIGURE 1
Organophosphorus pesticide general structure formula and several typical organophosphorus
pesticide chemical structures.
GHJUDGDWLRQ GRQ¶W SROOXWH WKH HQYLURQPHQW ᬇ
Final
degradation:
The
substrate
(organophosphorus pesticide) fully transformed
into inorganic substances such as CO 2, PO43- and
H2O. Although, there are a lot of studies on
organophosphorus pesticide degradation very few
reports touch on microbial degradation. We seek to
fill this void and will primarily discuss
biodegradation methods and microbial degradation.

High Efficient Bacteria Separation. Longterm mass production and extensive use of
organophosphorus pesticide in China has lead to
serious water and soil pollution as well as, lead to
excessive pesticide residues on agricultural
products, sparking food safety problems. Excessive
OPs residue has become a major inhibitor to the
H[SDQVLRQ RI &KLQD¶V DJULFXOWXUDO SURGXFW H[SRUWV
Therefore, it is necessary to establish an effective
method to control environmental pollution and
remove agricultural farming pesticides residues.
With
the
strong
metabolic
diversity,
microorganisms have many advantages in the
degradation process of pesticides [8]. At present,
the separated microorganisms include bacteria,
fungi and actinomycete. Bacteria played an
important role in the degradation process because
of its various biochemical adaptability and good
ability of inducing mutants.
In recent years, the in-depth study on
biodegradation pathway has provided the
possibility for bioremediation. Any microorganisms
have been isolated and identified, including
Agrobacterium Escherichia coli, Flavobacterium
sp., Bacillus stearothemophilus, Pseudomonas,
strain B-1, strain SC, F. sp. Strain ATCC27551,
Alteromonas species, Arthrobacter, Nocardiasp.,
Corynebacterium glutamicum, Burkholderia sp.
Strain NF100, Bacillus cereus J5, WBC-3,
cyanobacterium Anabaena sp. Strain PCC7120,
Ochrobacterum sp. B2.
Some studies have reported the effects of
microorganism on biodegradation of pesticides. For

MATERIALS AND METHODS
Biodegradation
Method.
Although
traditional physical and chemical degradation
treatments are effective against OPs, has good
effect, the cost is too high and easy to cause
secondary pollution, so it only can be used as an
assessment method. In contrast, bioremediation
technology has been developed to remove and
control the organic matter pollution, and has
recently become the most popular method. The
basic purpose of this technology is to use a variety
of methods to strengthen the microbial community
and accelerate the degradation of organic pollutants
in the environment [5]. Moreover, microbiological
degradation is considered as an effective and
environment friendly method to eliminate OPs
SROOXWLRQ6LQFHWKH¶VUHVHDUFKKDVFRQILUPHG
the microbial degradation of pesticide played an
important role, and has attempted to isolate of
pesticide degrading bacteria and the degradation
pathway [6, 7].
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instance, Zhang et al. [8] investigated degradation
of methyl parathion in soil and Chinese chive by
strain DLL-1at concentrations of 7.5, 15, 22.5, 75
kg(a.i.)ihm-2. From their result, usage of methyl
parathion at 7.5, 15 and 22.5 kg(a.i.)ihm-2 resulted
in the average amount of residue of 0.663, 1.270
and 1.901mgnt -1, respectively in Chinese chive.
The natural degradation rate was 98.94% 㸪
96.44%㸪and 96.04% corresponding to the 3 levels
of usage. At the concentration of 75 kg·hm-2 of
degradation bacterium, the amount of pesticide
residue in Chinese chive and its soil were 0.269 and
0.099 mg·kg-1 respectively which were decreased
by 78.82% and 98.68% compared with the control.
Thus, the amount of pesticide residue could be
significantly decreased through the application of
high effective degrading microbial agents. However,
usage of degradation bacterium more than
75kg·hm-2 did not increase the degradation rate
further. In bacterial isolation study, Jia et al. [9]
have found that a strain Pm-6 of methamidophosdegrading bacterium was successfully isolated from
the pesticides-containing soil in a pesticide factory.
The strain was identified as Acinetobacter sp. This
bacterium was stable when store for 30 days at 4Ԩ
with slight change in capability. Likewise, Meiqin
Yi [10] isolated three strains of Fungi (Hw 23, Hw
26 and Hw 27) using liquid enrichment culture
from active sludge at Huayang Pesticide Factory for
degradation of methyl parathion. They were able to
use methyl parathion as the carbon and energy for
growth. Daiet al [11] and Qiu et al [12] argued
convincingly that a triazophos degrading bacterium
designated as mp-4 wereisolated from soils that
have long been subjected to organophosphate
pollution. Strain mp-4 was identified as
Ochrobactrum.sp based on its biochemicalphysiological characteristic and the 16 SrDNA
homologue sequence analysis. Strain mp-4 can
grow with triazophos as its sole carbon source and
degrade it at a rate of 98.3㸣. The optimal growth
temperature and pH for mp-4 are 30Ԩ and 6.6,
respectively. At the temperature of 27-32Ԩ and pH
of 7.5-8.8, Mp-4 can degrade triazophos well. Thus,
many research showed principal mechanism for
microorganism adaption to organophosphorus
pesticides contained environment and efficiency of
microorganism for pesticides degradation or
removal. Different studies showed that some
organophosphorus pesticide can have a variety of
degrading bacteria present at the same time, while
one kind of bacteria can degrade kinds of OPs. This
reflects the diversity of microorganisms and
microbial functional diversity.
With the continuous development of
biotechnology, people have made a lot of beneficial
explorations on OPs degradation finding that
mesophilic microorganisms exert a great pole
course in the OPs degradation in the natural
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environment. The use bioremediation technology is
effective, economical and environmental friendly
technology to accelerate the degradation of OPs [13,
14]
. However, most of the studies on OPs
degradation recommend moderated temperature
and high concentration conditions, so mostly the
microorganisms are usually isolated on room
temperature. In high altitude area or cold region,
the temperature is mostly below the normal
temperature and degradation efficiency will be
affected, while also requiring a low concentration
[15]
in the water
. All of these disadvantages
constitute a barrier to microbial growth. As a
consequence, He Li [16, 17] found that the bacterial
strain, which was isolated from the polluted soil in
north-east china, was capable of degrading various
organophosphorus pesticides effectively. Strain SA8 was initially identified as Plwsimonas sp.
according to its biochemical characters. The
optimal temperature and pH value for strain SA-8
growth were 20Ԩ and 7.0 respectively. The
biodegradation rate of methyl-parathion can reach
93% after 24h cultivation in suitable conditions.
When the temperature is 10Ԩ, its degradation rate
is 66.2%, but only 27.3% degradation rate at 35 Ԩ.
The experiment demonstrated that strain SA-8 is a
good psychrotroph.
Microbial Degrading Mechanism of OPs.
Organophosphorus pesticides usually contain P-O
and S- P bonds. In addition, some OPs (e.g.
methamidophos) also contain P-N bond. The
degradation of OPs by bacteria is generally carried
out through the hydrolases and transfer enzymes
function, acting on P-O-alkyl, P-O-aryl, O=P-NH2,
=C-NH2. The study on the OPs degradation
pathway found that microorganisms can break the
P-O bond or P-S bond and some depurated
organophosphorus pesticide hydrolase (OPH) have
significantly difference in substrate specificity,
sensitivity to the chemicals and molecular weight.
Initial metabolism of OPs is hydrolytic reaction,
and its initial products are O, O-dimethyl
dithiophosphoric acid and p-nitrophenol [18 ,19].
M. B. Angelica also confirmed that the P-S
bonds of organophosphorus pesticides can be cut
off by chlorinated pesticides. Some researchers for
instance, Donna & Ulrica [20] and, Thomas and
Macaskie [21] studies showed that there is a certain
correlation between the microbial phosphate
solubilizing capacity and the pH of culture medium,
however they also found that decrease in pH value
is not the necessary conditions of the phosphate
solubilizing. Further research on this area could be
interesting and important.
According to Liu et al. [22] and, Liang et al.
[23]
degradation process caused by intracellular
enzyme can be divided into 3 steps: firstly, as is a
kind of dynamic balance, i.e. OPs compounds
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pH 7.0 respectively. Some metal ions
(Fe3+,Cu2+,Li+,Zn2+,Mg2+) and chemical reagents
(NaN3, EDTA, SDS and PSMF) showed synergistic
effect on the degradation enzyme activity, while
Mn2+ displayed slight inhibition, and Ca2+ had
strong inhibition [26].

absorb on cell membrane; secondly, OPs
compounds that absorb on cell membrane go into
cell under the constant biomass condition and the
penetration rate determines the amount of
compounds inside cell; thirdly, as a enzymatic
reaction in the cell which is a quick process and
also not a limiting step. Pseudomonas stutzeri
JHY01 was capable of degrading Chlorpyrifos, a
typical organophosphorus pesticide [24, 25]. The
ultrasonic cell-break method was used to extract the
degrading enzyme. Lan et al [24] or Jeon et al [25]
conducted a study on the chlorpyrifos degradation
through extracellular enzyme, intracellular enzyme
and cell fragment. Their experimental results
showed the degradation rates of chlorpyrifos by
extracellular enzyme, intracellular enzyme and cell
fragment were 8.41%, 79.85% and 77.14%,
respectively, indicating that Chlorpyrifos-degrading
enzymes were typical intracellular enzymes. Later,
orthogonal experiments were designed by them to
optimize the extraction conditions of the degrading
enzymes. The degrading activity of the crude
enzymes was maximal (with the degradation rate
84.47%) at the following ultrasonic conditions: the
ratio of cells biomass to extraction buffer volume
1:4 (g/ml), ultrasonic treatment for 4 seconds,
totally 30 times at interval of 4 seconds (UAS,
Sonics-VCX500, 500W, 25KHz). According to
Wang et al [26], an organophosphorus hydrolase
from strain Aspergillus niger J6 was isolated and
purified by means of cell disruption, ammonium
sulfate precipitation and Sephadex G-75
chromatography. In addition, enzymatic properties
were also studied. The results showed that the
degradation enzyme was located on the cell
membrane, with its molecular weight being 66 000
by SDS-PAGE. The optimal reactive temperature
and pH of the degradation enzyme was 70 Ԩ and

Organophosphorus Pesticides Degradation
Microorganisms. In recent years, many researchers
had screened various kinds of bacteria (fungi,
actinomycetes, algae and other microbial strains)
which have the ability to degrade the organic
phosphorus pesticide through the enrichment,
isolation and screening technology from the natural
soil. These microorganisms can be classified into
Shah Ray Ties, Pseudomonas, Burkholderia spp.,
Roseomonas, Ochrobactrum, Klebsiella, Bacillus
E6, Plesiomonas sp. M6, fecal production alkali
bacillus, sp. Diaphorobacter, Klebsiella sp., and
Holder Burke (sp. Burkholderia). Table 1
summarizes the microorganism and types of
organic phosphorus which can degrade by
corresponding bacteria.
Xu Gangming [27, 28] reported that strains from
three pesticide factory sewage treatment pool of
activated sludge, which degraded Chlorpyrifos
effectively. These strains are bacterial and
accessory bacteria (Paracoccus sp. DM/TRP),
serratia sp. TCR, and Trichosporon sp.TCF. Based
on the expressed mpd gene sequence and opd gene,
he designed several pair gene primers. Gene
amplification in different conditions was made
using general PCR and Touch-Down PCR (TDPCR) by taking total bacterial NDA as a template.
These strains can be completely mineralized and
degrade chlorpyrifos, the same with intermediate
product trichloropyrindinol.

TABLE 1
Organophosphorus pesticide degrading microorganism.
OPs.
Isocarbophos
Triazophos
Chlorpyrifos
Parathion-methyl
Fenitrothion

Microorganism
Bacillus latersprorus, Serratia, Pseudomonas
Roseomonas, Ochrobactrumanthropi, Alcaligenesfaecalis, Klebsiellaaerogenes
Pseudomonas, Diaphorobacter sp.
Pseudomonas, Diaphorobacter sp.
Burkholderia cenocepacia, Diaphorobacter sp.

due to need for degradation conditions for the
effective use of microbial degradation of
organophosphorus pesticides that are hard to
achieve outside of the lab. Temperature, pH,
concentration of organophosphorus pesticide and
microbial essential nutrients will change a
relatively large range, under natural conditions. It
FDQ¶W HQVXUH WKH HIIHFW RI WKH PLFURELDO EUHHGLQJ
even may inhibit its growth. Therefore, further

RESULTS AND CONCLUSION
Substantial progress has been accomplished in
the development of technologies for OP pesticides
degradation in recent years. However, at present,
the separation of strains and microbial degradation
are limited to the lab-scale, and still remains to be
applied in the field practice. This could be mainly
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Enrichment of an endosulfan-degrading
mixed bacterial culture, Applied and
Environ Microbiol,66 (7), 2822±2828.
[7] Z. Liu, S. P. Li, (2003) Mutation breeding of
methyl parathion degrading strain DLL-1
(Pseudomonas sp.), ActaPedologicaSinica,
40 (2), 293-298.
[8] R. F. Zhang, J. D. Jiang, Z. L. Cui. (2004)
Degradation of methyl parathion in soil and
Chinese chive by strain DLL-1, Chinese
journal of applied ecology, 15 (2), 295-298.
[9] R. Jia, Z. R. Hong, Q. Li, Y. Wang, (1997)
Isolation of
methamidophos-degrading
bacterium and studies on its properties,
Journal of Anhui University Natural Science
Edition, 21 (1), 98-101.
[10] M. Q. Yi, K. Y. Wang, X. Y. Jiang, Y. J.
Wang, (2000) Studies on the isolation and
characterization of fungi for degradation of
methyl parathion, Chinese Journal of
Pesticide Science, 2 (4),40-43.
[11] Q. H. Dai, R. F. Zhang, J. D. Jiang, L. F. Gu,
S. P. Liu, (2005) Isolation, identification and
characterization of triazophosdegrading
bacterium mp4, ActaPedologicaSinica, 42
(1), 111-115.
[12] S. L Qiu, Z. L. Cui, B. Fan, Q. H. Dai, S. P.
Li, (2004) Construction of GFP-Labelled
pseudomonas
putida
DLL-1,
a
methylparathion-degrading
bacterium,
Chinese
Journal
of
Applied
and
Environmental Biology, 10 (6), 778-781.
[13] A. Bonnechere, V Hanot, C Bragard, et al.
(2013) Effect of household and industrial
processing on the levels of pesticide residues
and degradation products in melons, Food
Additives and Contaminants Part A,
Chemistry, Analysis, Control, Exposure and
Risk Assessment, 29 (7), 1058-1066.
[14] D. Sun, J. Qiu, Y. Wu. (2012)
Enantioselective degradation of indoxacarb
in cabbage and soil under field conditions,
Chirality, 24, 628-633.
[15] F. Dong, B. Chankvetadze (2013). Chiral
triazole fungicide difenoconazole: absolute
stereochemistry, stereoselective bioactivity,
aquatic toxicity, and environmental behavior
in vegetables and soil, Environment Science
and Technology, 47, 3386-3394.
[16] H. Li, W.Q. Liang, X. Y. Wu, Y. H. Liu,
(2010) Research on biodegradation of
organophosphorus insecticide by a novel
psychrotrophic Bacterium SA-8, Acta
Scientiarum Nature Alium Universitatis
Sunyatseni, 43 (3), 131-132.
[17] S. Dayananda, K. Syed, M. Mike (2003).
Transposon-like
organization of the
plasmid-borne organophosphate degradation
gen cluster found in Flavobacterium sp.,

future study of microbial degradation of
organophosphorus pesticide should emphatically
focus on the following several aspects: ᬅExplore
the degradation strains with growing conditions
which are similar to the natural environment;
cultivation, development and utilization of high
efficient bacteria for organophosphorus pesticide,
establish high efficient degradation bacterium seed
(gene) bank. ᬆExtract the related genes and
remove into a common species, such as e-coli, etc.
for degradation enzyme gene cloning and
expression, constructing engineering bacteria,
improve the ability of degradation, prepare
degradation enzyme, on the basis of identification
of degradation enzyme gene. ᬇField practice of
biological pesticide which can help to reduce the
use of heavy toxicity pesticides; ᬈPromotion of
more applied research on the microbial method that
dealing with degradation of contaminants
practically in real field to the practice.
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ABSTRACT

INTRODUCTION

In recent years, there has been much research
on indoor air quality, owing to a growing interest in
improvement of air quality in residential buildings.
People spend most of their time indoors, where air
quality is affected by many factors such as location
and structure of housing, ventilation systems, and
comfort parameters. CO2 and other indoor gas
concentrations are important indicators of indoor air
quality. The aim of this study is to determine the
effects of various factors such as location and
characteristics of housing and smoking status on
carbon dioxide (CO2) concentrations and air
exchange rates in 29 representative buildings in
%DOÕNHVLU 7XUNH\ &22 concentrations were
measured using a non-dispersive infrared method,
air changes per hour (ACH) were estimated using a
CO2 balance method, and other parameters were
recorded. Mean CO2 concentrations were 667 and
1011 ppm in summer and winter, respectively.
Estimated mean air exchange rates were 1.04 and
0.70 ACH in summer and winter, respectively. The
analysis showed that CO2 concentrations and ACH
were affected by the area of houses, season,
ventilation systems and ventilation duration. CO2
concentrations in winter were higher in all
buildings relative to summer in the residential area.
Air exchange rates were primarily affected by
duration of ventilation, house area, distances to
main roads, and smoking status.

People spend about 90% of their time indoors
and it is known that air quality of the indoor
environment is affected by outdoor air pollution [1].
Ventilation systems and the location of houses
affect indoor air pollutant levels [2].
Industrial operations and heavy motor vehicle
traffic negatively affect outdoor air quality, thereby
readily affecting indoor air media. Ventilation type,
ventilation rate and pollutant composition in the
indoor environment are parameters used to
determine the contribution of outdoor pollutants to
indoor pollution [3]. These factors are used to
determine conditions called closed building
syndrome, sick building syndrome and buildingrelated illness. These conditions might lead to
health problems [4].
Indoor pollutant sources and concentrations,
building materials, human activities and ventilation
systems represent a combination of various
complex conditions that determine indoor air
quality [5]. Indoor air pollutants were measured
very high in different indoor areas of massive
public congregations such as bars, schools,
exhibition centers and churches [6]. Air transport
from leakage, ventilation, and change of location
mechanisms between indoors and outdoors affect
indoor pollution emission [7, 8, 9, 10]. Under
normal conditions, CO2 makes up about 0.03% of
air in the atmosphere. CO2 concentration varies
between 330 and 500 ppm, depending on
environmental factors [11].
A human body performing normal daily
activities produces 20 liters (L; 0.02 m3) of CO2 per
hour [4].
Levels of CO2 emissions that depend on
human activity (mobility) are listed in Table 1 [12].
Amounts of breathing, oxygen consumption
and CO2 production based on mobility are shown in
Figure 1 [13].

KEYWORDS :

air change rate, carbon dioxide, indoor air quality,
UHVLGHQWLDOEXLOGLQJ%DOÕNHVLU7XUNH\
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TABLE 1
CO2 levels emitted depending on human activities.
Position
Sitting
Light activity
Medium activity or slow walking
Heavy activity or fast walking

Activity Degree
I
II
III
IV

CO2Emission Amount (liter/hour)
15
23
30
30

FIGURE 1
Oxygen Consumption and CO2 Production Depending on Physical Activities [13]

Air change rate (ACR) is accepted as a
personal air pollution exposure for indoor
environments [14]. In addition, pollutants
originating outdoors that enter houses via filtration,
open doors and windows, natural ventilation and
mechanical ventilation characterize indoor pollution
[15]. ACR is also used to evaluate energy
consumption of mechanical heating and ventilation
equipment [16].
There are many studies that analyze ACR and
change of indoor CO2 concentration [13, 17].
In this study, indoor ACR and air quality were
calculated in 29 houses in the city center of
%DOÕNHVLU7XUNH\

MATERIALS AND METHODS
7KH FLW\ RI %DOÕNHVLU H[WHQGV WR ZLWKLQ WKH
Marmara and Aegean regions, with most of its area
LQWKHIRUPHU7KHWRWDODUHDRI%DOÕNHVLULV
km2, about 1.9 % that of Turkey. The central
districWSRSXODWLRQRI%DOÕNHVLULVDFFRUGLQJ
to a 2009 census [18].
%DOÕNHVLU LQ ZLQWHU LV XQGHU WKH LQIOXHQFH RI
very cold air masses from the north and relatively
warm masses from the Mediterranean Sea. A high
pressure system in winter reduces the probability of
rain and causes strong air pollution [19].
$QQXDO DYHUDJH WHPSHUDWXUH LQ %DOÕNHVLU LV
14.5°C. Average temperature in winter (October±
March) is 8.97°C. Wind speeds decrease in winter
and spring and increase in summer and fall. Fog
occurs province-ZLGH GXULQJ ZLQWHU LQ %DOÕNHVLU
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11 districts with total population 62,661. In the
second region, representing low economic status,
there are 24 districts with a total of 120,239 people.
In the third region of high economic status, there
are five districts and a total of 58,501 people.
The distribution of buildings in these regions
is as follows. Measurements were performed in
eight buildings in the first region, 15 in the second
and seven in the third. We considered the location
of the micro-environment in the regions (distance
from the street and traffic), smoking in houses and
offices, fuel type (natural gas, fuel oil, coal) for
heating, equipment for heating, and systems used in
the kitchen (LPG, natural gas, electricity).
Indoor CO2 measurement devices are located
in the kitchen of the house and approximately 1.5-2
m in height. They are installed away from the
balcony doors and windows and also 1 m away in
distance from the furnace type incineration system.
Information given to the family members about the
activities that may directly affect measures and it is
requested to comply specified measurement
procedure. Daily life was continued where the
measurement were obtained and continuous
measurements were taken.
Telair 7001 CO2 / Temperature Monitor,
which uses "NDIR-Automatic Measurement
Method with Infrared Rays, is used to determine
indoor CO2 concentration, temperature and
humidity values to. The device consists of display
unit and a data storage unit (data logger) (Figure 3).
The measurement accuracy of the device is 1
ppm for CO2 concentration, of 0.01 °C for
temperature, and 0.01% for relative humidity
(Telaire 7001). Device is adjusted before the
measurements were made. In the adjustments; start
and end time of the measurement and measurement
point information are entered to the data storage
unit via a computer. After the measurements
completed, data in the data storage unit is
transferred to the computer using the software
called HOBO ware (version 2.1.1_18). Then these
data were converted to Excel format for later use in
analysis. The measurement range is in the 0-10,000
ppm and measurement accuracy is ± 1 ppm.
An ASTM E741 test method was used for
ACR calculation. In this method, the ventilation
coefficient can be identified under certain
conditions, from tracking CO 2 gas concentration in
the indoor environment.
The outdoor air flow equation of the method is
[24]:
Qp
= 106xGp / (Cin,eqí&out), where

generating 95% to 100% humidity. High fossil fuel
consumption because of cold temperatures
combined with fog in winter causes air pollution
[20].
The main reason for the winter air pollution in
%DOÕNHVLU LV WKH FRQVXPSWLRn of fossil fuels for
energy and heating. Industrial activity and traffic
also affects the air quality. The population,
topography and winter meteorological conditions
increase pollution. The bowl-shaped topography of
the city center and weakening winds in winter, as
well as the high pressure and decreasing air
temperature are all factors that increase air
pollution [21].
$FFRUGLQJ WR D VWXG\ LQ %DOÕNHVLU EHWZHHQ
1999 and 2005 during winter, statistical
relationships between meteorological factors
(temperature, wind speed, humidity and pressure)
and air pollution were investigated. A high level of
air pollution was identified under light wind speeds,
low temperature, high pressure and high humidity
in winter [22].
,Q WKH FLW\ FHQWHU RI %DOÕNHVLU  RI
houses are heated with stoves, 24.5% with central
heating systems, and 42% with combi boilers.
General domestic coal is used for heating with
stoves. High heat-value coal imported from other
countries or natural gas is used for central heating
and natural gas for combi boilers. For heating
houses, it has been found that natural gas usage
accounts for 43% of fuel, domestic coal 30%, and
imported coal 22% [23].

DATA COLLECTION
In this study, CO2 level and comfort
parameters such as temperature and humidity were
measured continually for 24 hours over 5 days, in
 KRXVHV LQ WKH %DOÕNHVLU FLW\ FHQWHU
Measurements of indoor and outdoor air quality
levels were taken simultaneously. The studies were
performed by two measurement companies in
summer (July±September 2009) and winter
(January±March 2010).
Sampling points chosen according to three
different socio-demographic characteristics to be
able to distinguish and compare the source of
pollutants is shown in Figure 2. According to the
evaluations, 1st region poor, 2nd middle and 3rd
have been identified as high socio-economic
groups. These are as follows. According to
socioeconomic status, in the first region, there are
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FIGURE 2
Indoor Air Quality Sampling Points.

(a)

(b)
FIGURE 3
CO2/Temperature Monitor (a) and Data Logger (b).

Gp
= CO2 production rate in indoor environment
per person (L/s),
Cin,eq = steady-state CO2 concentration in indoor
environment (ppm),

(1)
Qp
= outdoor airflow rate per person into the
zone, L/s per person,
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RESULTS AND DISCUSSION
,QKRXVHVLQ%DOÕNHVLUFLW\FHQWHUDYHUDJHV
and standard deviations (SD) of CO2 levels in
summer and winter were 667 ppm (127 ppm) and
1011 ppm (398 ppm), respectively. Outdoor CO 2
measurements were 405 ppm (99 ppm) in summer
and 443 ppm (120 ppm) in winter.
We found average and SD of ACR in winter
and summer of 1.04 hí(0.64) and 0.70 hí(0.67)
respectively. Average air leakage rates (and SD)
were 78.34 L/sec (45.15) in summer and 48.80
L/sec (40.69) in winter. Descriptive statistics of
measured parameters are given in Table 2.

ACR= Qp / Vroom, where
(2)
Vroom is volume (m3) of the room.
Analyses of ventilation and indoor air quality
were dependent on indoor and outdoor CO2 amount
measured inside and outside of buildings in
%DOÕNHVLU

TABLE 2
Statistical data of pollution, ventilation and physical features in the houses.
N
CO2(Indoor environmentSummer)
CO2(Indoor environmentWinter)
Houses ± Square
QP(summer)
ACR (summer)
QP(winter)
ACR (winter)

Minimum

Maximum

Mean

Std. Deviation

ppm

29

419

874

627

127

ppm

29

538

2062

1011

398

m2
lt/sec
h-1
lt/sec
h-1

29
29
29
29
29

50
21
0,23
7,57
0,09

175
220
2,98
145,78
2,18

107,10
78,34
1,05
48,80
0,70

27,15
45,15
0,64
40,69
0,67

Cumulative percentage changes of Qp are
given in Figure 5.

In this study, outdoor air leakage was detected
above the 50 L/s limit [14] in most houses during
summer, but below this limit in winter (Figure 4).

FIGURE 4
Air Leakage Rates Measured in Houses [27].
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(a)

(b)
FIGURE 5
Outdoor Air Leakage in the Summer (a) and Winter (b) Season [27].

Qp in all regions of the city was found to
exceed the limit value (50 L/s) in summer. In the
second and third regions, Qp was below this limit in
winter (Figure 8).
The distribution of the outdoor air leakage
values by region in summer time were 85.09 L / s
(± 44.02) in first region, 83.83 L / s (± 52.79) in
2nd region, and 59.65 L / s (± 25.97) in 3rd region,
while in the winter, 71.81 L / s (± 40.58) in region
1, 43.45 L / s (± 43.26) in 2, and Region, 33.20 L / s
(± 26.34) in 3rd region. Differences in Qp among
the three regions are mainly due to different
proximities to the city center and temporal
variability.
Indoor CO2 rates were less than the limit of
1000 ppm in the houses during summer, but above
this limit during winter (Figures 9, 10 and 11).
Figure 11 shows that in winter, 43% of houses
exceeded the 1000 ppm limit.

Figure 6 shows that the amount of air coming
from outdoors into the indoor environment was less
than the limit value in 33% of houses during
summer and in 66% during winter. Open doors and
windows in summer increased air leakage into the
indoor environment.
Average ACR (hí) of the dwellings in winter
and summer is summarized in Figure 6. Minimum
ACR in most houses was greater than 0.35 hí in
summer. However, in winter, lower ACR values
were found. A study in Denmark indicated that
ventilation rates in 57% of houses where children
aged 3±5 years were living was below 0.5 hí [26].
According to an ACR cumulative percentage
graphic (Figure 7), ACR in almost all the houses
exceeded the limit value in summer. In winter, the
value in 47% of the houses was below the limit
[27].
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FIGURE 6
Air Change Rate During Winter and Summers (h-1) [27].

(a)

(b)
FIGURE 7
Seasonal Cumulative Distributions of Air Change Rate in the Houses in the Summer (a) and Winter (b)
Seasons (%) [27].
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FIGURE 8
Outdoor Air Leakage Values Depending on the Different Socia Economic Region
Summer and Winter Season (lt/sec).

FIGURE 9
Indoor CO2 Levels in the Winter Season [27].
hí(±0.45) (non-smoking houses). ACR in winter
was less than in summer.
Statistical data for comfort parameters such as
temperature, relative humidity and ACR measured
in indoor environments are found in Table 3.
Relative humidity measured in summer was below
the limit of 60% and, in winter, it exceeded this
value in some houses.
Table 4 lists ACR measured in the houses
according to cigarette consumption, ventilation
duration, house area, indoor comfort parameters,
and distances to main roads. This table reveals that
human activities and physical conditions in
naturally ventilated indoor environments affect

We analyzed parameters that affect pollution
and ACR such as cigarette consumption, ventilation
period, area of the houses, distances to main roads,
and indoor environment, in 29 houses.
In houses where people smoked, average Qp
was 45.91 L/s (± 37.24) in winter. In non-smoking
houses, this was 52.36 L/s (± 45.83). In houses with
smokers, ventilation was low, below the standard
rate. It was also found that Qp was 84.65 L/s
(±51.98) (smoking houses) and 70.59 L/s (±31.90)
(non-smoking houses) in summer, which are above
the limit value. In winter, ACR was 0.69 h í(±0.68)
(smoking houses) and 0.72 hí(±0.68) (nonsmoking houses), whereas in summer, this rate was
1.15 hí(±0.76) (smoking houses) and 0.93
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ACR and that the standard ACR of 0.35 is not
usually met in winter.

FIGURE 10
Indoor CO2 levels in the Summer Season [27].

TABLE 3
Statistical data of comfort parameters.
N

Minimum

Maximum

Mean

Std. Deviation

R. Humidity-Summer

29

33,12

53,63

44,36

4,82

Temperature -Summer

29

25,07

30,81

27,67

1,49

R. Humidity-Winter

29

31,11

73,04

53,39

12,09

Temperature -Winter

29

4,62

25,41

17,29

5,67

ACR-Summer

29

0,23

2,98

1,05

0,64

ACR-Winter

29

0,09

2,18

0,70

0,67

Analogous values in winter were 0.35 hí(±0.27)
and 1.20 hí(±0.75).
Relative to area of the houses above and
below 107 m2, ACR (and SD) was respectively 0.58
hí(±0.29) and 1.26 hí(±0.64) in summer, and 0.27
hí(±0.18) and 0.90 hí(±0.72) in winter. There was
a relationship between house area and ACR. It was
less and below the limit value in houses with large
area in winter. In summer, there was low ACR in
such houses compared with those with small area
(Figure 12).

Change of ACR in comfort parameters was
also determined in summer and winter according to
average humidity and temperature. ACR (and SD)
corresponding to above and below average
humidity values measured in summer were 1.09
hí(±0.56) and 1.01 hí(±0.71), respectively.
Corresponding values in winter were 1.02
hí(±0.82) and 0.51 hí(±0.48). ACR (and SD)
corresponding to above and below average
temperature values measured in summer were 0.84
hí(±0.48) and 1.19 hí(±0.71), respectively.
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(a)

(b)
FIGURE 11
Seasonal Cumulative Distributions of CO2 Concentration in the Houses in the Summer (a) and Winter (b)
Seasons (%) [27].

TABLE 4
Air Change Rate in the Houses.

General Average
Cigarette Consumption
Square Meter (m2)
Distance to Main Road
Ventilation Duration (hour)

Yes
No
>107
<107
Far
Close
<2
>2

1571

Summer (h-1)

Winter (h-1)

1,04 (± 0,64)
1,15 (± 0,76)
0,93 (± 0,45)
0,58 (± 0,29)
1,26 (± 0,64)
1,12 (± 0,62)
0,94 (± 0,68)
1,18 (± 0,89)
0,98 (± 0,47)

0.70 (± 0,67)
0,69 (± 0,68)
0,72 (± 0,68)
0,27 (± 0.18)
0,90 (± 0,72)
0,85 (± 0,71)
0,47 (± 0,54)
0,48 (± 0,42)
0,82 (± 0,75)
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FIGURE 12
Air Change Rate Depending on the Areas of the Houses.

(average 0.55 hí) in winter according to data
collected from 2844 houses [31]. In Sweden, 60%
of 390 multifamily houses and 80% of singlefamily houses did not meet the 0.5 hí ACR
specified in the building code [32].

Upon evaluating distance and proximity of
ACR to main roads, values in summer were 1.12
hí(±0.62) and 0.94 hí(±0.68), respectively, and
0.85 hí(±0.71) and 0.47 hí(±0.54) in winter. ACR
was lower in houses close to main roads in both
seasons.
Data related to ventilation duration in the
houses were from surveys, which were found to be
around 2 hours. According to the relationship
between ventilation duration and ACR in the 29
houses for duration less or greater than 2 hours, the
respective rates were 1.18 hí(±0.89) and 0.98
hí(±0.47) in summer, and 0.48 hí(±0.42) and 0.82
hí(±0.75) in winter. ACR was usually higher
because of open windows in summer and lower in
winter since houses are less ventilated.
Table 5 shows the comparison of the results of
other studies and current study results. The results
found by this study are comparable with other
studies results. For example, indoor CO2
concentration was reported at 1603 ppm in winter
and 405 ppm in summer at 64 schools. It was also
reported that in winter, CO2 concentration increased
because of insufficient ventilation, which is
important in determining indoor environment
quality [28]. In South Korea in 10 houses, it was
found that CO2 concentrations gradually increased
after cooking was begun, but decreased whenever
residents used natural or mechanical ventilation
[29].
According to another study determining ACR
carried out [30], winter ACRs were 2.2±3.3 hí and
5.3±19.7 hí in summer. In Northern Europe, It was
reported that the median ACR was 0.42 hí

CONCLUSION
It is determined that carbon dioxide
concentrations in 29 houses along with ACR and
outdoor air leakage in summer and winter. ACR
was higher in summer than in winter. The reason
for this is typically open doors and windows, which
enhances air circulation.
There is a similar relationship between
outdoor air leakage and ACR, with the latter higher
in summer than in winter. It was found that this
leakage was above the standard of 50 L/s in 77% of
houses in summer, and 34% in winter. Insufficient
ventilation in the houses during winters might be
the reason for this difference.
Most of the houses met the 0.35 hí limit for
ACR in summer, but only 53% did so in winter.
Indoor CO2 pollution levels in the houses were
measured in winter and summer. CO2 concentration
was found to exceed the 1000 ppm limit in winter,
but was less than this value in summer. In winter,
57% of houses exceeded the limit, but none during
summer. It is believed that factors such as outdoor
air pollution and leakage into the indoor
environment, insufficient ventilation, cigarette
consumption, and cooking are important in winter.
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TABLE 5
Comparison of CO2 concentrations and ACR values.
Parameters

Unit

N
29 house

CO2

explain

627

summer

1011

winter

<1000

with a mechanical
ventilation system

ppm

64 school

ACR

Mean

-1

h

29 house

1400

windows are closed

405

summer

1603

winter

1,05

summer

0,7

winter

5,3-19,7

summer

2,2-3,3

winter

0,55

winter

1,6

summer

0,61

winter

There was low ACR in houses with smokers
relative to houses without them. It is thought that
increasing CO2 from cigarette consumption impacts
the ACR.
Higher ACR was found indoors with higher
humidity in both summer and winter. ACR was
lower in indoor environments with higher
temperatures. ACR was higher in houses with
smaller areas.
There were smaller ACR values in houses
close to main roads. It is believed that in such
houses, pollution from traffic affects their indoor
environment.
It appeared that ventilation duration influenced
ACR more strongly in winter. It is thought that
ACR is lower in houses with short ventilation
duration in winter, and that indoor pollution reduces
ACR owing to insufficient ventilation.
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phosphorus removal [4]. Biomass assimilation and
macrophyte absorption yield poor phosphorus
removal rate due to the high concentration of
phosphorus in rural wastewater. Media adsorption
is generally considered as the most effective
principle for phosphorus removal, which strongly
dependent on the adsorption efficiency of the media
in treated wetlands [5,6]. Typical limited adsorption
potential of media restricts adequate phosphorus
removal from wastewater. Therefore, media
adsorption is a diseconomy and unsustainable
method for phosphorus removal in constructed
wetlands because that it is difficult to update the
media filled in. Compared with media adsorption,
biological phosphorus removal is an economic and
sustainable way for substantial phosphorus removal
in constructed wetlands.
Luxury uptake of microorganisms is
considered as the main process of biological
phosphorus removal in most treated wetlands,
which is achieved by recycling polyphosphateaccumulating
organisms
(PAOs)
through
alternating anaerobic and aerobic conditions. PAOs
take up volatile fatty acids (VFAs) in the anaerobic
phase and store them as the form of
polyhydroxyalkanoates (PHAs). The primary
energy is gained from the degradation of their
intracellular polyphosphate (poly-P), which is
released to bulk of orthophosphate. In the
subsequent aerobic phase, PAOs largely take up
orthophosphate to recover the poly-P level using
the stored PHAs as energy source. However,
different oxygen requirements for anaerobic and
aerobic condition are major obstacles in most single
stage constructed wetlands to obtain high
phosphorus removal.
An extended tidal flow mode was applied in a
modified constructed wetland with an air pipe
aimed to provide anaerobic and aerobic conditions
for biological phosphorus removal [7]. Anaerobic
condition was achieved by the saturated operation
and aerobic condition was achieved by passive
oxygenation of the air pipe. Thereafter, the spatial
alternated anaerobic and aerobic conditions were
achieved in the single stage constructed wetland.

ABSTRACTS
An extended tidal flow operation with
continuous inflow and intermittent outflow was
applied in a modified constructed wetland with an
air pipe to enhance phosphorus removal. The
experiments results showed that total phosphorus
removal rate in the modified wetland with passive
oxygenation reached 0.55 g/m2·d, twice higher than
0.27 g/m2·d obtained in the conventional
constructed wetland. Vertical distribution of
dissolved oxygen concentration along with the
depth showed that oxygenation was enhanced by
the air pipe in the modified constructed wetland,
which was a favorable environment for biological
phosphorus removal. Combing with phosphorus
and nitrate nitrogen concentration distributed
vertically, it was found that not only enhanced
denitrifying dephosphatation but also luxury uptake
of microorganisms were responsible for the
biological phosphorus removal in the modified
wetland. Total phosphorus removal was enhanced
in the modified constructed wetland with an
extended tidal flow operation because of the
passive oxygenation by the air pipe.
KEYWORDS:
Constructed wetland, Denitrifying dephosphatation,
Extended tidal flow, Luxury uptake of microorganisms,
Phosphorus removal

INTRODUCTION
With associated low maintenance and energy
consumption, constructed wetland systems have
become an attractive ecological technology for
domestic wastewater treatment in rural areas in
China [1,2]. However, unsatisfactory phosphorus
removal has been reported in most single stage
constructed wetlands [3]. Some possible ways of
phosphorus removal are contained in constructed
wetlands, such as media adsorption, biomass
assimilation, macrophyte absorption and biological
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(D10=0.41mm, Cu=7.32) 40cm and fine gravel 45cm
were filled in two plastic containers (0.8m long,
0.8m wide and 1.5m high) from the bottom up, as
shown in Figure 1. A drainage pipe and a
distribution pipe were located on the flat bottom
and 5cm below the gravel surface in both systems,
respectively. An air pipe with a diameter of 10cm
was installed in wetland B. The air pipe was
distributed into four branches with three 5mm
diameter apertures at bottom. Each reactor has five
wastewater sampling points at the position of 0cm,
30cm, 65cm, 95cm and 120cm below the
wastewater distribution pipe. No plants were
planted in both wetland systems in order to enhance
passive oxygenation.

Phosphorus removal efficiency in the extended tidal
flow constructed wetland with an air pipe was
compared with the conventional constructed
wetland when treating rural wastewater, for further
improving the configuration and designs of
constructed wetlands.

MATERIALS AND METHODS
Extended tidal flow constructed wetland
systems. Two pilot-scale constructed wetland
systems were simulated, hereafter named wetland A
and B. Coarse gravel (D10=16mm, Cu=2.40) 15cm,
fine gravel (D10=2.40mm, Cu=3.98) 30cm, sand

FIGURE 1
Schematic diagram of the extended tidal flow constructed wetland systems.
Experiment settings. Extended tidal flow
mode was applied in both constructed wetland
systems. Wastewater was fed continuously and
discharged intermittently with a hydraulic loading
of 0.1m3/m2·d. The electromagnetic valve fixed on
the drainage pipe would be open to drain with the
same outflow as inflow to keep the water level at
1050mm in both systems. After seven days
saturation, wastewater in both systems would be
discharged quickly. Subsequently, both systems
would be unsaturated for one day under the
operation that wastewater fed and discharged
continuously. After that, the electromagnetic valve
fixed on drainage pipe would be closed to flood for
the next cycle. Both systems were operated in this
operation mode for 6 months to stable status for
microorganism population establishment, During
WKH  PRQWKV¶ H[SHULPHQW SKRVSKRUXV
concentration in influent and effluent was
additionally monitored to check the stable
phosphorus removal process formation whether or
not. When the microorganism was established,
another 60 days batch experiments were carried out
to evaluate the phosphorus removal efficiency.

During the experiments, the temperature ranged
from 22 to 30Ԩ.
Water Quality measurements. Obtained rural
wastewater from the municipal sewer in Shanghai
of China was treated in both constructed wetland
systems. Biological oxygen demand (BOD5),
ammonia nitrogen (NH4+-N), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3--N) and total phosphorus
(TP) in influent and effluent samples were collected
and analyzed immediately using the standard
methods [8]. Continuous sampling was done during
the two PRQWKV¶H[SHULPHQWVEXWILOOLQJWLPHZKLFK
ZDVDERXWGD\V¶GDWDREWDLQHGThe ranged
concentrations of pollutants in influent and effluent
RIHDFKSHULRGGXULQJWZRPRQWKV¶H[SHULPHQWZHUH
listed in Table 1.
Samples from different valves fixed on both
wetland systems were extracted to detect DO, TP
and NO3--N concentration on the forth saturated day
during the second period. DO measurements were
carried out during sampling, using JPBJ-608
detector produced in Shanghai, China, whose
sensors were attached to a rod submerged below the
middle of the water depth.
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TABLE 1
Ranged concentrations in influent and effluent of different cycle in the constructed wetland systems
(mg/L).
Influent Range in
Different Cycle
132.93-159.31
69.85-73.45
0.03-0.08
4.52-7.56
1.58-2.26

Parameters
BOD5
NH4+-N
NO2--N
TP
NO3--N

Effluent Range in wetland
A
35.54-42.07
48.54-55.68
0.27-0.41
2.66-4.02
0.27-1.09

Effluent Range in wetland
B
28.84-31.32
2.89-4.53
0.17-0.21
0.51-0.93
35.29-37.40

wetland systems were investigated in terms of TP
concentration during the second period, as
illustrated in Figure 2. The removal rate of TP in
wetland A and wetland B during the period were
ranging from 32% to 60% and from 85% to 93%,
respectively. The removal rate of TP ranged in
32%-50% during the saturated operation and
reached the highest value during the unsaturated
day in wetland A. However, no significant
difference of TP removal rate was found between
the saturated operation and unsaturated operation in
the modified constructed wetland B.

RESULTS AND DISCUSSIONS
Total phosphorus removal. As shown in
Table 1, TP removal percentage of each extended
tidal operation period in wetland A and wetland B
were ranged in 41%-47% and 88%-89%,
respectively. The average amount of phosphorus
loss in wetland A and wetland B achieved 0.27
g/m2·d and 0.55 g/m2·d, respectively. Obviously,
with the help of the air pipe, TP removal rate in the
modified wetland B was twice higher than that in
the conventional constructed wetland A. Influent
and effluent samples drawn from both constructed

10
Influent
Effluent of Wetland A

TP concentration˄mg/L˅

8

Effluent of Wetland B
6

4

2

0
1

2

3

4

5

6

7

8

Operation time in the second period˄d˅

FIGURE 2
Variation of TP concentration in the second period in constructed wetland A and B.

volume in wetland A is equal to that in wetland B,
which means that adsorption by matrix should not
be responsible for the additional phosphorus loss in
wetland B. Since substrates filled in both wetland

Media adsorption, biomass assimilation,
macrophyte absorption and biological phosphorus
removal process are some possible routs for TP
removal in constructed wetlands. The media
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fine gravel and sand with small size and large
surface area were used as media in the wetland
systems, resulting in substantial biofilm fixed on. A
large number of oxygen was stored in the biofilm
during the unsaturated days and released during the
saturated days. Apparently, it was the air pipe that
made more oxygen stored in wetland B than that in
wetland A, which further made a higher
concentration of DO in wetland B during the
saturated days. Along with the depth, DO
concentration presented an increased trend in
wetland A, while presented a first decreased then
increased trend and finally reached maximum value
at the depth of 120cm in wetland B. Anaerobic
condition with DO concentration lower than
0.5mg/L was found at the depth of 0cm and 30cm
in both wetland systems. With the depth increased,
anoxic condition with DO concentration lower than
2mg/L was appeared at the depth of 65cm and
95cm in both wetland systems. At the depth of
120cm, anoxic condition was still presented in
wetland A while aerobic condition was detected at
the position of the air pipe in wetland B. It was
obvious that the alternated anaerobic condition and
aerobic
condition
were
not
achieved
chronologically through the saturated period and
the unsaturated period in both wetlands. However,
the alternated anaerobic, anoxic and aerobic
conditions were achieved spatially in the systems.
Along with the depth, TP concentration
presented a first increase then decrease trend in
both constructed wetlands on the forth saturated
day during the second period, as shown in Figure 4.
When the initial TP concentration was 5.19mg/L,
TP concentration firstly increased to 5.79mg/L in
wetland A and to 6.91mg/L in wetland B at the
depth of 30cm, then decreased and reached the
minimum value at the depth of 120cm, which was
3.81mg/L in wetland A and 0.55mg/L in wetland B,
respectively. Combined with the DO concentration
vertical distribution, TP concentration increased in
the anaerobic environment and then decreased in
the anoxic and aerobic environment. The trad
itional biological phosphorus removal theory
considers PAOs could release orthophosphate
during anaerobic period and luxury take up
orthophosphate during aerobic period. However,
the phenomenon showed in this study supposed that
phosphorus could be removed in anoxic conditions.
Thereafter, other biological phosphorus removal
routs may be occurred in the systems, which should
be further confirmed. Although the mechanism of
phosphorus removal was not clear, phosphorus
removal conditions were created spatially rather
than chronologically which overcame the major
obstacle of different requirements for anaerobic and
aerobic conditions and realized phosphorus removal
in single stage constructed wetland.

systems are inert materials and have no significant
cation exchange capacity for phosphorus adsorption
with two years operation before this study [7],
media adsorption should be negligible. Macrophyte
would also not function because no plants planted
in both systems. Generally, 2%-3% of biomass is
constituted by phosphorus and 0.6g biomass is
estimated to generate as 1.0g BOD5 removal.
Thereafter, the maximum amount of TP
immobilized by microorganism assimilation
reaches 0.018g for 1.0g BOD5 removal. Based on
the average BOD5 removal amount in Table 1 and
the figure mentioned above, mean amount of TP
immobilized by biomass assimilation were
0.2g/m2·d and 0.25g/m2·d in wetland A and wetland
B, respectively. Consequently, the contribution of
biological phosphorus removal in wetland A and
wetland B were estimated to be 0.07 g/m2·d and 0.3
g/m2·d, respectively. It was showed that phosphorus
loss in wetland A was mostly caused by biomass
assimilation. However, biological function and
biomass assimilation made the same contributions
for phosphorus removal in wetland B.
According to biological phosphorus removal
theory, phosphorus was released to water during the
anaerobic condition and largely removed by PAOs
during the aerobic condition. The extended tidal
flow operation alternately created the anaerobic
condition during the saturated operation period and
the aerobic condition during the unsaturated
operation period in the wetland systems. As shown
in Figure 2, although more phosphorus was
removed during the unsaturated aerobic operation
period, phosphorus concentration was not increased
but decreased during the saturated anaerobic
operation period in both wetland systems, which
was inconsistent with the traditional biological
phosphorus removal theory. Specially, high
phosphorus removal efficiency was observed
during the saturated anaerobic operation period in
wetland B with an air pipe introduced to enhance
oxygenation. Therefore, samples from different
depths of the extended tidal flow constructed
wetlands may help reveal the mechanism of
phosphorus removal.
DO and TP vertical distribution. On the
forth saturated day during the second period,
samples extracted from different sampling points
were tested in terms of DO and TP concentration in
both systems. Vertical distributions of DO and TP
concentration were shown in Figure 3 and Figure 4,
respectively. Noticeably, vertical distribution of DO
concentration ranged in 0.21-1.42mg/L in wetland
A, while 0.21-2.55mg/L in wetland B with an air
pipe introduced. Although the air pipe was filled up
by water during the saturation days, passive oxygen
was transferred into the wetland B. Coarse gravel,
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FIGURE 3
Vertical distribution of dissolved oxygen concentration in the constructed wetland A and B.

FIGURE 4
Vertical distribution of NO3--N concentration in
the constructed wetland A and B

Denitrifying dephosphatation indicated.
With the development of microbiology, denitrifying
phosphorus removed bacteria (DPB) was found and
confirmed to make a great contribution to
phosphorus removal [9]. Generally, conventional
biological phosphorus removal is considered as
luxury uptake by polyphosphate-accumulating
organisms (PAOs), which require alternating
anaerobic and aerobic conditions. However,
denitrifying dephosphatation process is the
reduction of phosphorus which requires an anoxic
condition with the present of NO3--N as electronic
acceptor by DPB. It is reported that nitrite
accumulation
would
destroy
denitrifying
dephosphatation by previous literature [10]. As
shown in Table 1, Figure 3 and Figure 4, neither
nitrite was accumulated nor phosphorus was
removed during the anoxic condition in both
wetlands, complying with the denitrifying
dephosphatation theory. In order to inspect whether
denitrifying dephosphatation was occurred strictly
in the systems, NO3--N vertical distribution on the
forth saturated day during the second period was
exhibited in Figure 5. Combined with Figure 3,
Figure 4 and Figure 5, anoxic denitrifying
dephosphatation process may be occurred in
wetland A, because DO concentration inside was
lower than 2mg/L and the concentration of TP and
NO3--N presented a decrease trend simultaneously.
However, according to the vertical distribution of
DO, TP and NO3--N concentration in wetland B,
anoxic denitrifying dephosphatation could be
deduced at the depth of 60cm and 95cm. Moreover,

the traditional biological phosphorus removal was
occurred at the depth of 120cm as a result of the
DO concentration of 2.55mg/L. Therefore, the left
0.07 g/m2·d phosphorus loss in wetland A was
caused by denitrifying dephosphatation, while the
left 0.3 g/m2·d phosphorus loss in wetland B was
not only caused by denitrifying dephosphatation but
also by traditional biological phosphorus removal.
It is reported that traditional biological
nitrification/denitrification is the main principle
sustainable nitrogen removal process in most
treated wetlands [11-13]. Nitrification is the
conversion of ammonia to nitrite or nitrate which
requires an aerobic condition, while denitrification
is the reduction of nitrite/nitrate to NO/N2O/N2
which requires an anoxic condition. Generally,
ammonia nitrogen was the main nitrogen form in
rural wastewater. Oxygen was the key factor to
influence the process of nitrification. As shown in
Table 1, a small part of ammonia nitrogen was
removed in wetland A, while a large number of
ammonia nitrogen was removed in wetland B.
Nitrification was enhanced in wetland B because of
the increased oxygenation by the air pipe.
Oxygenation of conventional constructed wetland is
not enough for nitrification, resulting in inadequate
nitrate in the system and further poor effect of
denitrifying dephosphatation. When an air pipe
introduced in modified wetland B, both nitrification
and denitrifying dephosphatation were enhanced
simultaneously.
Additionally,
the
passive
oxygenation caused by the air pipe created an
aerobic condition at the depth of 120cm for
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only enhanced denitrifying dephosphatation but
also luxury uptake of microorganisms was
responsible for the total phosphorus removal in the
modified wetland B.

phosphorus removal by luxury uptake of
microorganisms. Enhanced phosphorus removal
was achieved in the modified constructed wetland
B with an extended tidal flow operation. Due to the
passive oxygenation caused by the air pipe, not
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FIGURE 5
Vertical distribution of NO3--N concentration in the constructed wetland A and B.

phosphorus than that
constructed wetland.

CONCLUSION
An extended tidal flow operation was applied
in a modified constructed wetland with an air pipe
to enhance biological phosphorus removal. The
results showed that mean percentage removal of TP
in each cycle with seven days of saturated operation
following by one day of unsaturated operation was
90%, twice higher than the data obtained in the
conventional constructed wetland. Anaerobic and
anoxic conditions were found in the conventional
constructed wetland, while anaerobic, anoxic and
aerobic conditions were found in the modified
constructed wetland. Biomass assimilation was the
main mechanism of phosphorus removal and weak
denitrifying dephosphatation contributed to the left
phosphorus removal in the conventional wetland
with the extended tidal flow operation. In the
modified constructed wetland, other than biomass
assimilation, enhanced denitrifying dephosphatation
and luxury uptake of microorganisms were both
responsible for the total phosphorus removal. Due
to the passive oxygenation caused by the air pipe,
enhanced phosphorus removal was achieved in the
modified constructed wetland with an extended
tidal flow operation, resulting in twice more loss of

in

the

conventional
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ABSTRACT

INTRODUCTION

The concentrations of 20 polychlorinated
biphenyls (PCB) congeners and 39 polybrominated
diphenyl ethers (PBDE) congeners in sediments
collected from three major coastal aquaculture areas
in Zhejiang province, China were analyzed. The
FRQFHQWUDWLRQV RI  3&% DQG  3%'(
congeners ranged from nd-43.76 ng/g, and 1.3526.18 ng/g, respectively. In general, the average
homolog composition of PCBs decreased in the
following order: penta- > hexa- > tetra- > hepta- >
tri- > octa ±PCBs. The average homolog
composition of PBDEs decreased in the following
order: mono- > di- > tri- > tetra- > penta- > hexa- >
hepta ±BDEs. A statistical analysis using principal
component analysis was performed on the 20 PCB
and 39 PBDE congener profiles. The first principal
component PCB-52, 105, 112, 118, 123, 126, 156,
157, 167, 169, and 189, accounted for 51.17% of
the total variance in Taizhou city, making a
significant contribution to the local pollution levels.
The contribution of BDE-2, 3, 8, 10, 17, 33, 47,
138, and 153 was relatively high in these samples.
A significant correlation was observed between the
concentrations of CB-105 and CB-123, 126, 156,
157, 167, and 169. There were also positive
correlations between some bromine congeners, such
as BDE-2 and BDE 3, BDE 8, BDE 10, and BDE
33; BDE-33 and BDE 8 and BDE 10; and BDE-33
and BDE 15, BDE 49, and BDE 77, with the low
molecular weight bromine compounds likely to
have originated from the decomposition of
commercial bromine compounds.

Polychlorinated biphenyls (PCBs) and
polybrominated diphenyl ethers (PBDEs) are two
contaminants of particular concern because both are
persistent, bioaccumulative, and toxic, and have
some similarities in terms of molecular and
physicochemical properties [1]. They are
hydrophobic and tend to occur in the particulate
phase during their transport, distribution, and final
deposition [2]. These compounds have become
ubiquitous in environmental and biological samples
worldwide due to their persistence and long-range
transport [3]. PCBs have been used in electrical
products since the 1930s due to their insulating
properties, and their worldwide production during
the last 60 years has ranged from 1.2 to 2 million
tons [4]. It has been reported that 8000 tons of
PCBs were manufactured from the 1960s to 1970s
in China [5]. However, it was not until 1966 that
PCBs were detected in organisms in the marine
environment [6]. In 1968, the Yusho poisoning
incident occurred in Japan, in which 1800 people
were poisoned by PCB-contaminated rice oil [7]. In
recent decades, PCBs have been found in biota
globally, causing great concerns due to their
recalcitrance and toxicity [8]. Despite the restrictive
legislation in effect since the 1970s in the USA and
Europe and since 1993 in Russia, PCBs still persist
in the environment and PCBs have been implicated
in thyroid and estrogenic disturbances [9]. PBDEs
are a group of brominated flame retardants that are
used as additives in many polymers for the
manufacture of consumer products, such as
electrical and electronic equipment, textiles,
upholstery, and many types of plastics, to reduce
their flammability [10]. Three major commercial
PBDE products (penta-BDE, octa-BDE, and decaBDE) have been manufactured since the 1970s and
are currently still in use. PBDEs have a similar
chemical structure to PCBs, and are presumed to
have similar toxicological and environmental
properties [11]. Like some other environmental
pollutants (e.g., organochlorine compounds)

KEYWORDS:
Polychlorinated biphenyls; polybrominated diphenyl
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analyzed, and their variations were considered in
relation to the molecular properties. By evaluating
the concentrations, characteristics, and correlations
of PCBs and PBDEs in the offshore aquaculture
sediments of this region we can provide reference
values for coastal industries, particularly the ewaste recycling industry, and assist the further
development and utilization of offshore resources.

PBDEs
are
persistent,
lipophilic,
and
bioaccumulative (World Health Organization,
1997). Among the available commercial mixtures,
penta- and octa-BDE have been banned in Europe
and since 2004 several companies in the USA have
voluntarily phased out PBDE manufacture [12].
The Stockholm Convention in 2009 listed pentaand octa-BDE as persistent organic pollutants and
classified them as materials requiring international
regulation [13]. The benefits derived from PBDEs
are outweighed by their negative impacts on the
environment, human health, and wildlife, due to
their persistence, potential to bioaccumulate,
toxicity, and their capacity for long-range
environmental transport [14]. PBDEs can be
transported and accumulated in soils, sediments,
and organisms through gas absorption/volatilization
and dry/wet deposition [15,16]. Sediment is an
environmental sink of organic compounds and
plays an important role in the distribution and fate
of these contaminants in aquatic environments,
where organic contaminants can be adsorbed to
suspended particles and selectively survive
degradative processes during vertical transport and
deposition [17].
Zhejiang Province is an important electronic
waste (e-waste) recycling base, and a cluster of
small villages in the littoral zone has become a
flourishing recycling center for e-waste, but this has
come at the expense of having thousands of village
workers engaged in primitive recycling operations
without the use of adequate protective equipment
[18]. In recent years, the concentration and
distribution of PCBs and PBDEs originating from
this e-waste recycling region has been reported to
affect the air, soil, and marine organisms [19].
Inshore cultivation in seawater is one of the main
agricultural industries in Zhejiang province, and it
has a number of advantages including the provision
of a natural seawater environment, feed, and
growth. Chemical compounds from e-waste
recycling are continuously dissolving, attaching to
suspended particles, being resuspended due to
diagenesis or the shear force of the flowing water
on top of the sediments, reacting, diffusing, and
advecting with bulk water movement [20].
Therefore, the marine sediments have become
contaminated with PCBs and PBDEs, which can
harm human health following bio-magnification
through the food chain.
The aim of the study was to investigate the
distribution of PCBs and PBDEs in offshore
aquaculture sediments in Zhejiang province, China.
First, the contamination levels of PCBs and PBDEs
in sediments from different sampling sites were
determined. The concentrations and molecular
patterns of the two classes of chemicals in three
sampling areas were compared with those reported
in previous studies. Then the pollution sources were

MATERIALS AND METHODS
Study area and sample collection. Based on
a careful field survey, a specific sampling
programme was conducted in August 2012 (Fig. 1).
Sampling occurred at 20 sampling sites in three
different offshore aquaculture areas in Zhejiang,
China. Stations 1 to 12 were located in Taizhou,
where the major industrial enterprises are mold
manufacturing, they chemical industry, and e-waste
dismantling and recycling. Stations 21 to 24 were
located in Xiangshan, where the major industries
are mechanical engineering and electronics. Station
31 to 33 were located in Zhoushan, which has an
island location and marine aquaculture is the main
economic activity. A global positioning system was
used to identify the precise location of each station.
At each sampling site, about 1000 g of two parallel
surface sediments (0±20 cm) were collected using a
grab sampler and then placed in pre-cleaned glass
containers. All samples were transported to the
laboratory within 8 h of collection. The samples
were then air-dried, ground, sealed in glass jars, and
VWRUHGDWí&IRUIXWXUHXVH

FIGURE 1
The sampling sites in offshore everinment.

Chemicals and instrumentation. A PCB and
PBDE analytical standard solution was purchased
from Acros Organics (NJ, USA). The standard
solution contained CB-28, 52, 77, 81, 101, 105,
112, 114, 118, 123, 126, 138, 153, 156, 157, 167,
169, 180, 189, and 198, and the concentration of
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of n-hexane/methylene dichloride (1:1) was added,
followed by ultrasonic extraction for 60 min at
25°C. The sample was then centrifuged at 3000 rpm
for 5 min, after which 6 ml of organic extract was
eluted with sulfuric acid until the sulfuric acid layer
was colorless. The extract was then eluted with a
20% sodium sulfate solution. Next, anhydrous
sodium sulfate was added to remove the trace
amounts of water. The extract (2 mL total volume)
was then concentrated using a rotary evaporator.
The concentrated extract was passed through a
glass column (inside diameter: 1 cm) packed (in
order, from the base) with 4 cm of alumina, 2 cm of
silica gel (100±200 mesh), 3 cm of alkaline silica
gel, 2 cm of silica gel, 5 cm of acidic silica gel, and
1 cm of anhydrous sodium sulfate. The glass
column was also pre-eluted with hexane and then
eluted with 20 mL methylene dichloride/n-hexane
(1:1). The sample extracts were then condensed to
0.5 mL and dried with nitrogen. The PBDEs in the
samples were dissolved in 1 mL of pure n-hexane
and filtered through a 0.22-μm pore size filter
paper. The samples and blanks were then analyzed
using GC/MS.

each compound was 1 mg/mL. The standard
contained three mono-BDEs (BDE-1, 2, and 3),
seven di-BDEs (BDE-7, 8, 10, 11, 12, 13, and 15),
eight tri-BDEs (BDE-17, 25, 28, 30, 32, 33, 35, and
37), six tetra-BDEs (BDE-47, 49, 66, 71, 75, and
77), seven penta-BDEs (BDE-85, 99, 100, 105,
116, 119, and 126), five hexa-BDEs (BDE-138,
153, 154, 155, and 166), and three hepta-BDEs
(BDE-181, 183, and 190). The concentrations of
each compound ranged from 100 ng/mL for the
mono-congeners to 250 ng/mL for the heptacongeners. The standard solution was used to
construct a calibration curve and measure the
recovery efficiency from spiked samples. Silica gel
(100±200 mesh) was pre-cleaned by heating at
450°C for 6 h in a shallow metallic enamel tray.
Similarly, anhydrous sodium sulfate was precleaned by heating at 120°C for 6 h in a shallow
metallic enamel tray. All organic solvents were of
chromatographic grade or equivalent. Milli-Q water
(Millipore, Billerica, MA, USA) was used during
all experiments.
Extraction and purification.
was processed twice.



Each sample

Analytical Conditions.
GC/MS analyses
were performed with a 7890 B gas chromatograph
coupled to a 5975C mass spectrometer (Agilent
Technologies, Massy, France) with a DB-5MS
column (30 m × 0.25 mm × 0.25 μm ). Nitrogen
was used as the carrier gas at a flow rate of 1.4
ml/min and as the makeup gas for the detector at 60
ml/min. Samples were injected in splitless mode (1
ȝ/ VSOLWOHVV WLPH RI  PLQ  7KH LQMHFWRU DQG
detector temperatures were maintained at 280 and
300°C, respectively. We used helium (purity:
99.999%) as both the carrier gas (1.0 mL/min) and
the makeup gas for the detector (60 mL/min). The
injection volume was 1μL. The injection mode was
splitless.
The temperature program for the detection of
PCBs was initially set at 120°C, and then increased
to 230°C at a rate of 20°C/min. Following this, the
temperature was increased to 240°C at a rate of 5°C
/min, where it was held for 5 min, then increased to
260°C at a rate of 5°C/min, where it was held for 6
min. The temperature program for the detection of
PBDEs was initially set at 120°C, then increased to
200°C at a rate of 30°C/min,. Following this, the
temperature was increased to 230°C at a rate of
2.5°C /min, then increased to 320°C at a rate of
5°C/min, where it was held for 2 min.

PCBs. Sediment samples were extracted by
adding 5 g of each sample to a glass flask and then
mixing the sample with 2 g of anhydrous sodium
sulfate and 0.5 g of powdered copper. Next, 10 ml
of hexane:acetone (1:1) was added, followed by
ultrasonic extraction for 60 min at 25°C. The
sample was then centrifuged at 3000 rpm for 5 min,
after which 6 ml of organic extract was eluted with
sulfuric acid until the sulfuric acid layer was
colorless. The extracts were subsequently eluted
with 10 ml of 20% sodium sulfate solution, after
which anhydrous sodium sulfate was added to
remove any trace amounts of water that remained.
The resulting 2 ml of extract was then concentrated
using rotary evaporation. Next, the extract was
passed through a column packed with 2 g of silica
gel (100±200 mesh) and 1 g of anhydrous sodium
sulfate. The column was pre-eluted with hexane and
then eluted with 20 ml hexane. The sample extracts
were then condensed to 0.5 mL and dried with
nitrogen. Next, the PCBs in the samples were
dissolved in 1 ml of pure n-hexane, after which they
ZHUHILOWHUHGWKURXJKȝPSRUHVL]HILOWHUSDSHU
Finally, the samples were analyzed using gas
chromatography±mass spectrometry (GC/MS).
Blank samples that were prepared in the same
fashion were analyzed concurrently with the actual
samples.

Quality control. For each batch of 10
samples, a solvent and a procedural blank were run
to ensure that the samples were free of
contamination and the analyses were being
conducted correctly. The recovery of the standard
PCBs was 71-113%. The method detection limit for

PBDEs. Sediment samples were extracted by
adding 5 g of each sample to a glass flask and then
mixing the sample with 2 g of anhydrous sodium
sulfate and 0.5 g of powdered copper. Next, 10 ml
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zones, especially those involved with the
dismantling of waste electrical products. This result
is consistent with the results of previous studies,
and it is believed that hydrodynamic conditions are
the most important factors influencing the
distribution of PCBs in surface sediments [22].
The PCB data was compared with other recent
studies from estuary and coastal zones around the
world (Table 2). The levels of PCBs in surface
sediments found in this study indicated a moderate
degree of contamination in Taizhou and Xiangshan,
and were generally lower in Zhoushan, although it
is difficult to compare the PCB concentrations in
the sediments from different ecosystem types and
regions due to the different modes of expression
and individual congeners that were present. For
example, the concentration range of PCBs in the
surface sediments in Etang de Thau lagoon, France,
was reported to be 2528±33,319 ng/g [23], whereas
the range was 9.1±266.9 ng/g in the coastline of
Marseille, France [21], nd±3908 ng/g in a coastal
lagoon in the northern Adriatic region of Italy [24],
and 1.91±368 ng/g in the Scheldt Estuary in the
Netherlands [25]. PCB concentrations have been
reported to be at more moderate levels in surface
sediments from other estuaries and bays. For
example, 4.97±43.76 ng/g in Taizhou and 7.57±
29.18 ng/g in Xiangshan in this study, 5.08 -19.64
ng/g in the Yangtze River Estuary and adjacent East
China Sea, China [26], 4.93±108.79 ng/g in
Jiaojiang Bay, China [22], 9.33±19.60 ng/g in three
separate bays in Zhejiang Province, China [27], and
0.07±24 ng/g in Masan Bay, Korea [28]. PCB
concentrations in sediments have also been reported
at lower levels, for example in Zhoushan, China
(nd±2.58 ng/g) in this study, the northern Atlantic
coast of Spain (0.56±4.66 ng/g) [29], the coastal
area of southwest Taiwan (0.88±7.13 ng/g) [30],
and the aquatic environment near Brunswick,
Georgia, USA (0.02±3.84 ng/g) [31].

seawater ranged from 0.001 to 0.015 ng/L, while
the detection limit for sediment samples and the
RUJDQLVPV UDQJHG IURP  WR  QJ Jí 7KH
recovery efficiency for the PBDEs was between 65
and 112%. The detection limit for animal tissues
ZDV EHWZHHQ  DQG  QJ Jí 7KH
concentration of each congener was quantified
using the external calibration method based on a
five-point calibration curve for 39 PBDEs.
Statistical analysis.
Data analysis
(correlation analysis and principal component
analysis) was performed using OriginPro 9.0
(OriginLab Corporation) and IBM SPSS Statistics
software 20.0 to identify the potential source and
correlation of PCB and PBDE congeners in the
study area. Differences between samples were
evaluated by a one-way analysis of variance
(ANOVA).

RESULTS AND DISCUSSION
Twenty PCB and 39 PBDE congeners were
analyzed in sediment samples collected from 20
stations located in three major coastal aquaculture
areas (12 sampling sites in Taizhou, four in
Xiangshan, and four in Zhoushan) in Zhejiang
province, China. A total of 20 PCBs, including the
tri- to octa±PCBs, and a total of 39 PBDEs,
including the mono- to hepta-BDE, were targeted
for quantification due to their common occurrence
in the environment.
The concentration of PCBs in sediments.
7KHUHVXOWVLQ7DEOHVKRZWKHOHYHOVRI3&%
congeners in this study. The 20 PCB congeners
were detected in all sediment samples, with the
exception of some sites at Zhoushan, and ranged
from 4.97±43.76 ng/g, with a mean of 19.35 ng/g in
Taizhou, and from 7.57±29.18 ng/g with a mean of
20.52 ng/g in Xiangshan, and from nd±2.58 ng/g
with a mean of 1.29 ng/g in Zhoushan, respectively.
The highest value (43.76 ng/g) was found at Station
9, which was located close to the electronic waste
dismantling area in Taizhou. In Zhoushan, of the 20
PCB congeners, only CB-52, 81,101, and 169 were
detected in the sediment samples. The samples
collected from the Taizhou and Xiangshan sample
sites had substantially higher concentrations of
PCBs than those collected from Zhoushan. The
results suggest that the sources of PBDEs and PCBs
in offshore aquaculture environments could be
ascribed to the input of industrial pollutants via
rivers and atmospheric deposition [21]. Generally,
PCB concentrations at stations 6, 9, 12, and 21 were
the highest, while stations 33 and 34 were the
lowest, demonstrating that the concentration
decreased with distance from the coastal industrial

The concentration of PBDEs in sediments.
In this study, the concentrations of 39 mono- to
hepta-brominated PBDE congeners in sediments
from the 20 sampling sites were determined. Except
for BDE-77, 126, 154, and 155, all of the PBDEs
were detected at most sampling sites. The
concentrations of 18 PBDEs with a high detection
IUHTXHQF\DQGWKHWRWDO3%'(OHYHOV 3%'(V 
in sediment samples are listed in Table 3. The
FRQFHQWUDWLRQVRIWKH3%'(VUDQJHGIURP.05
to 26.18 ng/g, with a mean of 14.19 ng/g in
sediment in Taizhou, 13.42 to 22.70 ng/g with a
mean of 16.10 ng/g in Xiangshan, and 1.35 to 11.73
ng/g with a mean of 5.36 ng/g in Zhoushan. The
PHDQFRQFHQWUDWLRQRIWKH3%'(VGHFUHDVHGLQ
the following order Xiangshan off shore ، Taizhou
near shore > Zhoushan coast. As expected, the
samples collected from the Taizhou coast, which is
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testing periods were slightly different in these
studies, low molecular weight PBDE compounds
were found in most study areas. Table 4 shows that
WKH OHYHOV RI  3%'( LQ WKLV VWXG\ ZHUH ORZHU
than those in San Francisco Bay (nd±211.8 ng/g)
[35], rivers and estuaries of the UK (1.3±1270 ng/g)
[36], Osaka Bay, Japan (8±352 ng/g) [37], and
Korean coastal waters (2±2253 ng/g) [38]. Levels
were similar to the Macao Coast in south China
(1.25±19 ng/g )[28], and other coastal areas of
China (0.6±41.3 ng/g) [39], but were slightly higher
than along a coastal transect in British Columbia
(0.7±1.2 ng/g) [1], the coastal area of southwestern
Taiwan (0±1.82 ng/g) [40], the Bohai Sea (0.2±0.9
ng/g) [41], Yangtze River Estuary (0±8 ng/g) [42],
Xiamen offshore areas (0.3±6.4 ng/g) [43], and
Deep Bay in south China (0.7±4.85 ng/g) [44].

near the e-waste dismantling area, had substantially
higher concentrations of PBDEs than those
collected from the Zhoushan coast. It has been
reported that solid waste dissembling industries in
Taizhou could contribute PBDEs to the offshore
environment through atmospheric transport and
runoff [32,33]. High concentrations of PBDE
residues were detected in sediment and soil samples
from Taizhou, which receives waste from the
electric/electronic appliance recycling industry (ewaste) [34]. However, Zhoushan city is located in
the Zhoushan islands in Zhejiang province, off the
southeast coast in China, and has fewer sources of
industrial pollution.
A comparison of the PBDE concentrations in
the coastal sediments with other areas in the world
is given in Table 4. Although the PBDE congener
numbers and types detected, and the sampling and

TABLE 1
The concentration of the PCBs in sediment from offshore aquaculture environment in Zhejiang
(ng/g, dry weight).
Sampling area No

Taizhou

126

138

0.16 0.03 17.23 0.05 0.19 0.25 0.28 0.04

nd

0.30 0.19 0.12 0.02 0.04 0.04 0.27 0.16

2

0.27 0.07

2.88

0.15 0.11 0.03 0.11 0.06 0.05 0.07 0.05 0.11 0.03 0.16

3

0.07

1.91

3.74 1.00 0.20 1.18 0.09 0.22 0.39

nd

0.07 0.03 0.61 0.02

4

0.28 0.18

nd

1.10 2.12 0.27 1.69 1.61 1.79 0.69

nd

1.11 1.52 1.97 1.71 0.80

5

1.71 0.71

2.39

1.57 0.06 0.06 2.76 0.03 0.02 2.46 2.03 0.36 0.03 0.84 0.04 0.67 0.22

17.24

6

0.24 2.47

0.19

1.10 2.93 0.30 2.20 2.25 3.05 1.53 0.76 1.66 1.91 2.96 2.46 0.81 1.34

33.34

0.02

1.19

5.07

7

Mean

nd

nd

81

101

105

nd

114

0.46

118

nd

nd

1.61

nd

153

nd

156

nd

157

nd

167

1.79

169

nd

nd

180

198

23.99

nd

0.02

4.97

nd

0.03

11.38

nd

16.98

nd

nd

0.16 0.03

3.23

0.17 0.46 0.35 0.54 0.46 0.12 0.50 0.33 0.30 0.05 0.88 0.29 0.24 0.16

12.56

9

1.41 1.63

0.52

3.18 3.78 0.19 4.52 1.90 1.94 8.94 0.88 1.63 1.80 2.13 2.17 2.13

nd

43.76

10 0.15 0.30

0.08

0.35 1.94 0.08 1.29 1.43 1.69 0.65 0.66 1.18 1.40 1.74 1.69

nd

nd

17.74

11 0.25 0.20

0.07

1.50 1.94 0.68 1.20 1.43 1.69 0.57

1.04 1.25 1.72 1.77

nd

nd

18.24

12 2.31 1.89

0.07

1.19 2.96 0.20 1.82 2.22 2.44 1.06 0.98 1.46 2.01 2.57 2.24

nd

nd

26.91

nd

0.58 0.63

2.38

1.27 1.46 0.26 1.47 0.96 1.22 1.43 0.49 0.75 0.84 1.45 1.04 0.41 0.16

19.35

21 0.45 0.64

0.37

1.65 2.88 0.10 2.15 2.09 2.16 1.82 1.43 1.59 1.96 2.38 2.80 0.57

29.18

22 0.08 0.22

0.02

0.21 2.64 0.03 2.04 2.01 2.17 1.30 1.44 1.42 1.89 2.36 2.29 0.44 1.26

26.76

23 0.19 0.37

0.09

0.57 2.56

1.61 2.00 2.19

nd

nd

1.38 1.83 2.38 2.15

18.55

24

nd

nd

nd

nd

nd

nd

nd

1.23

3.50

0.30 0.33 0.07 0.07 0.20 0.19

0.17 0.02 0.99 0.31 0.10 0.15

7.57

0.18 0.31

1.00

0.68 2.10 0.05 1.47 1.58 1.68 0.78 0.72 1.14 1.43 2.03 1.89 0.28 0.66

20.52

31 0.04 0.09

0.14

0.20

nd

0.04

nd

nd

nd

nd

nd

nd

nd

nd

2.04

nd

nd

2.55

32

nd

nd

0.04

nd

nd

nd

nd

nd

2.54

nd

nd

nd

nd

nd

nd

nd

nd

2.58

33

nd

nd

0.02

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

0.03

34

nd
nd

nd
0.03

nd
0.05

nd
0.05

nd
nd

nd
nd

nd
nd

nd
nd

nd
0.64

nd
nd

nd
nd

nd
nd

nd
nd

nd
nd

nd
0.51

nd
nd

nd
nd

nd
1.29

Mean

Zhoushan

nd

52

8

Mean

Xiangshan

28

3&%V

123

1

No: ³nd´ means no detected.
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TABLE 2
The PCBs concentrations (ng/g dry weight) in sediment reported other coastal locations in the world.
Location

Northern Atlantic,
Spanish
2006
18
0.56-4.66
(2.49)
29
Zhejiang
province,China


9.33±19.60

Marseille,
Yangtze River
France
Estuary,China
Sampling year
2010
2007
na
7
22
3&%b
9.1- 226.9
5.08 -19.64
(Mean)
(84.3)
(10.15)
Reference
21
26
Location
Masan
Bay, Brunswick,
Korea
U.S.A.
Sampling year
2004
2009
na
22

3&%b
0.07 -24
0.02 -3.84
(Mean)
(7.2)
(0.64)
Reference
27
28
31
a: Number of PCBs congeners analyzed in sample.
b: The sum of all target PCB congeners except for CB 209.

Coastal
Lagoon, Italy

15
n.d.±3,908
24
Scheldt estuary
2010
33
1.91±368
(31.5)
26

Jiaojiang Estuary,
China
2008
20
4.93 -108.79
(29.08 )
22
Etang de Thau lagoon,
France


2,528±33,319
23

TABLE 3
The concentration of the PBDEs in sediment from offshore aquaculture environment in Zhejiang
(ng/g, dry weight).
Sampling
area

Taizhou

BDE-

1

2

3

8

10

17

33

47

49

71

75

99

138

153

183

3%'(

1

3.66

0.82

0.05

0.18

1.47

0.08

0.07

nd

0.99

0.91

nd

0.02

nd

nd

nd

9.13

2

0.45

0.08

0.04

0.12

0.26

0.07

0.04

0.03

0.05

1.52

nd

nd

0.02

nd

nd

4.25

3

2.27

0.66

0.16

0.12

1.19

0.10

0.09

0.04

nd

0.25

nd

nd

0.02

nd

nd

6.09

4

0.54

0.03

0.12

0.13

0.56

0.07

0.04

nd

0.56

0.52

nd

0.03

0.02

nd

nd

3.05

5

1.86

0.22

0.20

0.30

1.07

0.05

0.03

0.03

nd

0.26

nd

nd

nd

nd

nd

4.73

6

8.18

1.01

0.25

0.52

3.04

0.06

0.14

0.03

4.05

3.70

0.02

0.03

nd

nd

0.02

26.18

7

5.15

0.21

0.19

0.27

2.37

0.12

0.06

0.02

1.62

1.48

0.02

nd

nd

nd

0.02

13.37

8

4.47

0.32

0.16

0.36

2.30

0.08

0.06

0.02

0.04

0.69

0.13

0.04

0.02

0.02

0.04

9.79

9

nd

8.02

5.03

1.33

9.95

0.29

0.16

0.04

0.03

0.80

0.03

0.02

0.02

0.02

0.02

27.71

10

0.85

5.20

3.24

0.78

5.98

0.18

0.12

0.04

1.65

1.51

0.32

0.02

0.03

nd

0.03

22.63

11

10.16

2.68

0.23

0.56

4.09

0.16

0.10

nd

0.85

0.75

0.03

0.03

0.02

nd

0.04

21.27

12

nd

2.78

2.65

0.74

5.98

0.15

0.10

0.06

2.59

2.37

0.16

0.03

0.02

0.02

nd

22.14

3.13

1.84

1.03

0.45

3.19

0.12

0.08

0.03

1.04

1.23

0.06

0.02

0.02

0.00

0.02

14.19

21

0.26

3.68

0.44

1.49 11.65 0.29

0.24

0.09

0.12

1.21

nd

0.07

0.03

0.02

nd

22.70

22

5.77

1.67

1.60

0.39

2.24

0.08

0.09

0.04

nd

0.30

nd

nd

0.03

0.02

0.03

13.42

23

7.31

1.28

0.14

0.86

3.87

0.39

0.10

0.16

0.03

0.58

0.04

nd

0.03

0.02

0.02

16.05

24

6.87

0.23

0.15

0.50

2.70

0.13

0.05

0.04

0.06

0.13

nd

0.03

nd

nd

0.02

12.22

Mean

Xiangshan

Mean

Zhoushan

5.05

1.72

0.58

0.81

5.12

0.22

0.12

0.08

0.06

0.56

0.02

0.03

0.03

0.02

0.02

16.10

31

4.08

0.12

0.21

0.42

2.32

0.11

0.04

nd

1.43

1.31

nd

0.03

nd

nd

nd

11.73

32

1.44

0.69

0.61

0.37

1.09

0.12

0.09

0.15

0.03

0.77

0.04

0.02

0.03

0.02

nd

6.64

33

0.37

0.10

0.09

0.09

0.30

0.14

0.06

0.07

0.03

0.05

nd

nd

nd

nd

0.02

1.72

nd

0.56

0.12

nd

nd

0.03

0.03

0.02

0.02

0.23

0.04

0.02

nd

nd

nd

1.35

1.47

0.37

0.26

0.22

0.93

0.10

0.05

0.07

0.38

0.59

0.03

0.02

0.01

0.01

0.01

5.36

34
Mean

No: ³nd´ means no detected.
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TABLE 4
The PBDEs concentrations (ng/g dry weight) in sediment reported other coastal locations in the world.

Location
Sampling year
na
3%'(b
(Mean)
Reference

San Francisco Bay, Rivers and
USA
estuaries,UK

nd-211.8
35
Southwestern
Taiwan
2005
13

1.3-1270
36

Location
Bohai Sea
Sampling year
na
7
3%'(b
(Mean)
0-1.82
0.2-0.9
Reference
40
51
a: Number of PBDEs congeners analyzed in sample.
b: The sum of all target PBDE congeners except for BDE 209.

Osaka Bay,
Columbia, British
Japan
2006
49
0.7-1.2
8±352
(0.7)
1
37
Yangtze River Estuary, Xiamen,
China
China
2006-2007
7
7
0-8
(1.6)
0.3-6.4
42
43

Coast, China

0.6-41.3
53
Deep Bay,
China
2004
22
0.07-4.85
(0.68)
44

the commercial PCB mixture, Aroclor 1254, which
has been historically used for dechlorination and
may have weathered over time [28,45]. The relative
environmental homolog contribution reported by
some authors indicated the removal of PCB
congeners containing 3±4 chlorine atoms to the
detriment of 5±7 Cl congeners, which are not easily
biodegraded [21].

Composition of PCBs and PBDEs. PCB
congener profiles.
The dominant coplanar
congeners of PCBs were CB-77, CB-81, CB-105,
CB-118, CB-126, CB-138, CB-167, and CB-169.
The horizontal distribution of the total PCBs in the
surface sediments in this study revealed that
concentrations varied widely between stations.
Generally, PCB concentrations at stations 6, 9, 12,
and 21 were the highest, while the Zhoushan
sampling sites (stations 31, 32, 33, and 34) were the
lowest, demonstrating that the concentration
decreased with distance from the coastal industrial
zones. Surprisingly, in the Zhoushan sampling sites,
levels of all of the 20 PCB homologues were close
to the detection limit. Among the PCB congeners,
tetra-chlorinated biphenyls (tetra-PCB) to pentaPCB were all detected in the sediment samples
collected in the offshore aquaculture environment
of Taizhou and Xiangshan. The PCB congeners in
this study were classified into six groups according
to their number of chlorine (Cl) atoms: tri-, tetra-,
penta-, hexa-, hepta-, and octa-PCBs. The average
percentage composition of PCBs in the Taizhou
sampling sites decreased in the following order:
penta-PCB (37.73%) > hexa-PCB (28.38%) > tetraPCB (25.42%) > hepta-PCB (4.87%) > tri-PCB
(2.90%) > octa -PCB (0.70%). Similarly, the
average homolog composition of the PCBs
decreased in the following order: hexa-PCB
(35.68%) > penta-PCB (35.18%) > tetra-PCB
(16.67%) > hepta-PCB (8.39%) > octa-PCB 3.33%)
> tri-PCB (0.75%) in the Xiangshan sampling sites
(Fig. 2), and those containing tri-, tetra-, and pentaPCBs were the major components (>90%) in this
study area. This was consistent with the results of
other studies, for example, the pattern of isomer
dominance was penta > hexa > hepta > tetra > tri >
di > octa PCBs in Masan Bay sediments, which
suggested that the pattern could have arisen from

PBDE congener profiles.
The PBDE
congeners in this study were classified into seven
groups according to their number of bromine (Br)
atoms: mono-, di-, tri-, tetra-, penta-, hexa-, and
hepta-BDEs. The average percentage composition
of the 1 to 7 bromine atom compounds was 41.23,
29.47, 5.44, 16.63, 3.95, 0.32, and 0.56% of the
total PBDEs, respectively, in the offshore
aquaculture sediments from Taizhou. Similarly, in
Xiangshan the average percentage composition of
the 1 to 7 bromine atom compounds was 45.68,
41.16, 5.76, 4.83, 1.77, 0.42, and 0.39% of the total
PBDEs, respectively (Fig. 3). The World Trade
Organization has reported that the annual global
consumption of PBDEs is about 40,000 tons, with
commercial penta-, octa-, and deca-BDE
responsible for 10, 15, and 75% of total
consumption, respectively [46]. However, in this
study, because of the high levels of BDE-1, BDE-2,
BDE-10, BDE-49, and BDE-71 in the Taizhou and
Xiangshan sampling sites, the mono- and di-BDE
were dominant among the groups. In contrast to
previous reports, the lower-brominated congeners,
BDE-1, BDE-2, and BDE-10 were the most
abundant components, despite not being among the
three major commercial PBDE products (pentaBDE, octa-BDE, and deca-BDE). This may be
because the relatively high levels of lowerbrominated BDEs were partly derived from the
degradation of higher-brominated BDEs by
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octa-PBDE products, the debromination of decaBDE might be an important formation mechanism
for lower-brominated BDE congeners [49]. This
may imply that higher-brominated BDE congeners
have a low bioaccumulation potential in organisms
[50]. Further study is needed to explain the
relatively high proportions of lower-brominated
BDE congeners in the offshore aquaculture
environment that were found in this study.

microorganisms in the offshore aquaculture
environment, and degradation by sunlight during
atmospheric transport into the surface water system
[47]. This may also be the reason for the low
concentration of PBDEs, especially the higherbrominated compounds in Zhoushan. In addition,
long-range transport of airborne pollutants is a
possible source of PBDEs in the aquatic
environment [48]. Previous studies have suggested
that in addition to the use of commercial penta- and
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FIGURE 2
The percentage of different chloride condentration in the total concentration of PCBs

sources. The first two principal components
explained 74.70% of the total variance (51.17%
PC1 and 15.01% PC2) (Fig. 4). The results showed
that the first principal component, PCB-52, 105,
112, 118, 123, 126, 156, 157, 167, 169, and 189,
accounted for 51.17% of the total variance, making
a significant contribution to local environment
pollution. The second component, PCB-28, 101,
138, 180, accounted for 15.09%, meaning that the
first and second principal components gave a
cumulative explanation of 74.70% of the total
variance. They are found in electrical capacitors,
electrical transformers, vacuum pumps, and are
released into offshore aquaculture sediments
through atmospheric diffusion and deposition [26].
In addition, sediment resuspension from tidal
movement in the estuary may promote chlorination,
further
masking
source
concentration

Principal component analysis of PCBs and
PBDEs. Principal component analysis, a method to
describe the variation in a system with the
minimum loss of information, is commonly used to
identify possible sources of pollution by comparing
the composition of sediment samples, and as a
multivariate analytical tool to reduce the size of a
set of original variables and extract a small number
of latent factors (principal components) for
analyzing the relationships among the observed
variables [51].
Principal component analysis of PCBs. A
statistical analysis using PCA was performed on the
20 PCB congener profiles from the 16 stations in
Taizhou and Xinagshan, because the chemical
components of PCBs were similar and they may
therefore be derived from the same pollution
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FIGURE 3
The percentage of different bromine condentration in the total concentration of PBDEs

considered, there were high scores for PC1, which
indicates that the contribution of BDE-2, 3, 8, 10,
17, 33, 47, 138, and 153 was relatively high in these
samples. These results suggest that mono- and diBDE were the primary contributors to the overall
PBDE contamination in the offshore aquaculture
sediments in Taizhou and Xiangshan. The PC2 of
the PBDE congener profile showed a cluster of four
bromine compounds (BDE-15, 28, 49, 71), and
suggested that they may have the same source.
However, BDE-99 constituted 50% of the technical
penta-BDE mixture, but contributed much less to
the total PBDE in this study. The degradation of
higher-bromine compounds is a possible source of
lower-bromine compounds [53].

matches [52]. In the four Zhoushan sampling sites,
the first principal component explained 86.66%,
and the second principal component explained
13.22% of the total variance. The first principal
component was PCB-28, 52, 81, 101, and 169, and
the second principal component was PCB-126.
However, PCB-81 and 126 are rarely present in
commercial products, which suggests that these
compounds were derived from the natural
environment or the degradation of higher-chlorine
compounds. It also suggests that the contaminants
in the offshore aquaculture environment originated
mainly from coastal industrial zones. More
attention should be given to determining the exact
distribution between the cultural and industrial
zones.

Relationships between PBDE congeners,
3&% FRQJHQHUV DQG EHWZHHQ 3%'(V DQG
3&%V A correlation analysis between the
concentration of indicator PCB congeners in the
sediment samples was conducted. Table 5
summarizes the correlations of the 20 PCBs. A
significant correlation was observed between the
concentrations of CB-105 and CB-123, 126, 156,
157, 167, and 169 in these sediment samples, while
the concentrations of CB-123 and CB-126 were
strongly correlated with the concentrations of CB123, 126, 156, 157, and 167, respectively.
However, no significant correlation was observed
between the concentrations of low molecular

Principal component analysis of PBDEs.
The 18 PBDE congener patterns among the samples
were analyzed using PCA in the Taizhou and
Xiangshan offshore aquaculture sediments. The
samples from the Zhoushan sampling sites were not
analyzed because of their very low concentration.
The PCA of the PBDE congener patterns produced
two components. As shown from the score plot
(Fig. 5), the first principal component accounted for
34.86% of the total variance, whereas the second
accounted for 19.43%, which together explains
54.29% of the overall variability. When all the
samples from Taizhou and Xiangshan were
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The relationships between the concentrations
RI 3%'(V DQG 3&%V ZHUH DQDO\]HG LQ WKUHH
different breeding environment sediments in
Zhejiang. Significant correlations were found
EHWZHHQWKHFRQFHQWUDWLRQVRI3%'(VDQG3&%V
in Taizhou sediment samples (Fig. 6). In
consideration with the results of previous studies,
the PBDEs and PCBs in the offshore aquaculture
environment sediments in Taizhou region may be
derived from the electronic waste dismantling
industry [58]. A strong correlation was also found
between PCBs and PBDEs in sediments from
Zhoushan. Although the concentrations were very
low, there were similar input pathways to
ecosystems for both chemicals, with atmospheric
deposition playing a major role. Generally, PBDEs
and PCBs were widely distributed in aquatic
environments, as a consequence of the impact of
long-range atmospheric transport and deposition
[59]. However, there was no significant correlation
EHWZHHQWKHFRQFHQWUDWLRQVRI3%'(VDQG3&%V
in Xiangshan sediment samples. We suggest the
PBDEs and PCBs in the Xiangshan breeding
environment may originate from other sources.
Therefore, further studies with larger numbers of
samples are necessary to better understand their
sources and accumulation routes and to evaluate
their possible impacts on the ecology and
environment of coastal areas of China.

weight chlorine compounds. The correlation
analysis results suggest that these contaminants
might have originated from similar sources, with
the correlation coefficients for sites without obvious
emission sources being higher than at those with
significant local emission sources [54].
The relationship between each of the PBDE
congeners in the sediments collected from the
breeding environment in Taizhou and Xiangshan
was analyzed by PCA. Table 6 summarizes the
correlations of the 18 PBDE congeners. It can be
seen that there was a positive correlation between
the small number of bromine congeners, such as
between BDE-2 and BDE 3, BDE 8, BDE 10, and
BDE 33; between BDE-33 and BDE 8 and BDE 10;
and between BDE-33 and BDE 15, BDE 49, and
BDE 77, indicating that the low molecular weight
bromine compounds might have originated from the
decomposition of commercial BDE 49 and BDE 77
[55]. However, there was a weak relationship
between the low and high molecular weight
bromine congeners, suggesting that the source of
the low molecular weight bromine congeners was
not the decomposition of congeners with larger
numbers of bromine atoms [56]. Combined with the
results of previous studies, this suggested that
biological degradation was the main source of the
low molecular weight bromine congeners in the
breeding environment in Taizhou and Xiangshan
[57].

FIGURE 4
Principal component analysis performed with relative abundance of individual PCBs in sediment samples.
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FIGURE 5
Principal component analysis performed with relative abundance of individual PBDEs in
sediment samples.

TABLE 5
The correlation between different composition of PCBs.
PCB- 28
28
1.00
52
0.61
77

-0.12

81

-0.14

101

0.31

105

0.30

112

0.41

114

-0.14

118

0.58

123

0.25

126

0.15

138

0.51

153

0.58

156

0.30

157

0.26

167

0.21

169

0.21

180

0.35

189

-0.09

198

-0.22

52

1.00
0.28
0.28

77



81



1.00 

0.80
0.27 0.17
0.65 0.49
0.82 0.35
0.01 0.10
0.65 0.29
0.62 0.54
0.63 0.68
0.52 0.04
0.44 0.16
0.66 0.53
0.60 0.58
0.63 0.68
0.58 0.57

1.00
0.30
0.49
0.32
0.01
0.37
0.51
0.58
0.16
0.17
0.49
0.50
0.67
0.50
0.51 0.00 0.10
0.36 0.36 0.32
0.30 0.19 0.14
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112 114





118 123 126 138
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0.33 0.69 1.00 
0.17 0.07 0.17 1.00
0.55 0.73 0.53 0.18
0.07 0.96 0.66 0.06

















































1.00 





















0.60 1.00 



















0.10 0.85 0.65 0.11
0.55 0.52 0.42 0.08
0.10 0.30 0.36 0.38
0.12 0.96 0.70 0.11
0.10 0.96 0.65 0.10

0.48 0.91 1.00 

















0.86 0.32 0.23 1.00 















0.63 0.31 0.21 0.43 1.00 













0.71 0.98 0.88 0.44 0.41 1.00 











0.63 0.99 0.91 0.34 0.33 0.98 1.00 









0.12 0.84 0.62 0.05
0.09 0.95 0.68 0.07
0.44 0.50 0.34 0.07
0.07 0.64 0.49 0.05
0.27 0.33 0.02 0.27

0.53 0.90 0.97 0.26 0.30 0.88 0.89 1.00 







0.61 0.99 0.90 0.34 0.34 0.98 0.99 0.89 1.00 





0.82 0.34 0.26 0.92 0.39 0.45 0.35 0.29 0.35 1.00 



0.52 0.63 0.60 0.41 0.49 0.68 0.64 0.57 0.68 0.42 1.00 
0.18 0.44 0.45 0.09 0.18 0.41 0.41 0.46 0.40 0.04 0.46 1.00
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TABLE 6
The correlation between different composition.
BDE-
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8
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1.00

2

-0.32

1.00

3

-0.43

0.89

1.00

8

-0.18

0.80

0.57

1.00

10

-0.28

0.84

0.61

0.97

17

17



1

15

15

1.00

0.18 -0.15 -0.07 -0.09 -0.08

1.00

-0.02

0.59

0.36

0.81

0.72 -0.28

1.00

28

0.16

0.37

0.37

0.20

0.24

0.35

0.06 1.00

33

-0.12

0.69

0.40

0.86

0.89

0.11

0.62 0.38 1.00

47

0.03

0.17

0.05

0.55

0.40 -0.09

0.81 0.08 0.41

49

0.18

0.03

0.10 -0.01

0.04

0.85 -0.21 0.57 0.17 -0.17

1.00

71

0.02

0.11

0.12

0.14

0.18

0.92 -0.10 0.47 0.33 -0.03

0.91

1.00

75

-0.24

0.40

0.50

0.21

0.25 -0.03

0.12 0.52 0.11

0.05

0.31

0.25 1.00

99

-0.08

0.22 -0.03

0.54

0.60

0.24 0.05 0.63

0.09

0.11

0.21 0.09 1.00

100

0.33

0.30

0.22

0.26

0.32 -0.06

0.29 0.17 0.14 -0.06

0.12

0.03 0.11 0.07 1.00

138

-0.21

0.43

0.32

0.48

0.44 -0.37

0.56 0.36 0.47

0.56 -0.31 -0.17 0.37 0.22 0.01 1.00

153

-0.10

0.44

0.41

0.56

0.55 -0.31

0.60 0.08 0.43

0.51 -0.32 -0.16 0.20 0.27 0.31 0.60 1.00

183

0.58

0.18

0.12

0.07

0.05 -0.14

0.05 0.29 0.02 -0.15 -0.01 -0.09 0.36 0.09 0.48 0.24 0.27

0.03

1.00


1.00

CONCLUSIONS
PHDQFRQFHQWUDWLRQRIWKH3%'(VGHFUHDVHGLQ
the following order Xiangshan off shore ، Taizhou
near shore > Zhoushan coast, and low molecular
weight PBDE compounds were found in most study
areas.
A statistical analysis using PCA was
performed on the 20 PCB and 39 PBDE congener
profiles. The dominant coplanar congeners were
CB-77, CB-81, CB-105, CB-118, CB-126, CB-138,
CB-167, and CB-169. The contribution of BDE-2,
3, 8, 10, 17, 33, 47, 138, and 153 was relatively
high in these samples.
A significant correlation was observed
between the concentrations of CB-105 and CB-123,
126, 156, 157, 167, and 169 in these sediment
samples, while the concentrations of CB-123 and
CB-126 were strongly correlated with the
concentrations of CB-123, 126, 156, 157, and 167,
respectively. There was a positive correlation
between the small number of bromine congeners,
i.e., between BDE-2 and BDE 3, BDE 8, BDE 10,
and BDE 33; between BDE-33 and BDE 8 and
BDE 10; and between BDE-33 and BDE 15, BDE
49, and BDE 77.

Twenty PCB and 39 PBDE congeners were
analyzed in sediment samples collected from 20
stations located in three major coastal aquaculture
areas (12 sampling sites in Taizhou, four in
Xiangshan, and four in Zhoushan) in Zhejiang
province, China. A total of 20 PCBs, including the
tri- to octa±PCBs, and a total of 39 PBDEs,
including the mono- to hepta-BDEs, were targeted
for quantification due to their common occurrence
in the environment. The main conclusions were as
follows:
The concentration of the 3&%FRQJHQHUV
ranged from 4.97 to 43.76 ng/g, with a mean of
19.35 ng/g in Taizhou; 7.57 to 29.18 ng/g, with a
mean of 20.52 ng/g in Xiangshan; and n.d. to 58
ng/g, with a mean of 1.29 ng/g in Zhoushan. The
levels of PCBs in surface sediments found in this
study indicated a moderate degree of contamination
in three major coastal aquaculture areas in Zhejiang
province.
7KHFRQFHQWUDWLRQVRIWKH3%'(VUDQJHG
from 3.05 to 26.18 ng/g, with a mean of 14.19 ng/g
in sediment in Taizhou; 13.42 to 22.70 ng/g, with a
mean of 16.10 ng/g in Xiangshan; and 1.35 to 11.73
ng/g, with a mean of 5.36 ng/g in Zhoushan. The
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FIGURE 6
7KHFRUUHODWLRQEHWZHHQ3&%VDQGPBDEs.
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P., Alliot, F & Chevreuil, M. (2014)
Polychlorinated biphenyls, polybrominated
diphenyl ethers, and phthalates in roach from
the Seine River basin (France): impact of
densely urbanized areas. Archives of
environmental contamination and toxicology,
66, 41-57.
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ABSTRACT

INTRODUCTION

The metal component analysis of 20 spent
automotive three-way catalysts (TWCs) in China
was conducted to investigate the environmental
risk during the recycling process. Compared to
the reported values of platinum group metals
(PGMs) contents, the average contents of PGMs
in spent TWCs in China were relatively low
(close to 0.1%). However, many toxic heavy
metals (HMs) including Cr, Ni, Pb and As were
determined in the spent TWCs and the total HMs
contents of most TWCs were more than 1.0%.
These HMs are from different sources including
gasoline, lubricating oil, internal engine parts or
TWCs itself. Most HMs in spent TWCs were
quite stable under the weak acid condition
according to leaching toxicity experiments.
However, the result of environmental risk
assessment shown the unacceptable risk level for
all the HMs in TWCs at both leaching toxicity
experimental condition or the extremely soluble
condition (eg. with aqua regia in the
hydrometallurgical recycling process). Therefore,
the strict management measures should be taken
in the recycling process of spent TWCs,
especially for the Pb, As, Ni, Zn and Ba pollution
control.

The automotive industry in China has
been the largest in the world measured by
automobile unit production and total automobile
industry sales for the last five years. By the end
of 2013, the car ownership in China had
exceeded 135 million, which was the second
largest in the world (only behind to U.S.). On the
other hand, China began to force all the
automobiles to install the exhaust three-way
catalysts (TWCs) from 1998 to deal with the
environmental pollution caused by vehicle
exhaust. TWCs generally are made of cordierite
carrier (2MgO·2Al2O3·5SiO2), alumina coating
Ȗ-Al2O3), auxiliary substance (CeO2), and
platinum group metals (PGMs) including Pt, Pd
and Rh which can effectively remove the carbon
monoxide (CO), hydrocarbons (HC), and
nitrogen oxides (NOx) from the vehicle exhaust.
The catalytic chemical reactions were given as
following [1]:

CO +

1

2

O 2 o CO 2

(1)

Cn Hm + (n+ 1 4 m)O2 o nCO2 + 1 2 mH2O

(2)

2NO + 2CO o N2 +2CO2

(3)

KEYWORDS:
spent three-way catalysts, platinum group metals,
heavy metals, environmental risk

TABLE 1
The expected waste yield of the spent automotive TWCs in China
Year
2010
2011
2012
2013
2015
2020
2025
2030

The waste yield of the spent
TWCs (×10 kL)
97.52
116.95
136.67
328.30
1092.00
3334.17
5368.62
7442.38

1598

Notes
According to 0.12 billons cars
in 2012 based on Logistic
PRGHO¶VHVWLPDWLRQ(DFK
vehicle loads 1.5 liters of
automotive TWCs, and the
replacement rate of catalyst is
set to 5%.
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complexing agent, while HNO3, Cl2, or H2O2 can
act as oxidant. Pyrometallurgical methods: the
principle of these methods is to generate a liquid
slag that is formed by the ceramic part of the
catalyst and to collect the precious metal fraction
in a metal bath [7]. Melting of this material
requires high temperatures (1500Ԩ) and the
addition of fluxes. In China, there are many small
TWCs
recycling
factories
using
the
hydrometallurgical processes due to the simple
instruments
it
required.
However,
the
hydrometallurgical processes would produce a lot
of wastewater and solid waste containing HMs
which are likely to cause great harm to the soil
and groundwater environment surround the
recycling plants if there is no proper
environmental management. Therefore, it is
critical to analysis the contents of HMs and
PGMs in the TWCs and make environment risk
assessment of TWCs in China.
Consequently, the main objectives of this
paper are: 1) to analyze the contents of PGMs in
different TWCs in China; 2) to determine the
contents of HMs in TWCs and their possible
original sources, and 3) to assess the environment
risk during TWCs recycling processes by
leaching toxicity identification and the
environmental risk assessment model.

The widely usage of TWCs will result in an
explosive growth on the spent TWCs in China in
the next decades since the lifetime of TWCs is
about 5 years. As shown in Table 1, the future
production trend of spent automotive TWCs in
China was estimated based on Logistic model [2].
It is expected that the production of spent TWCs
in China would dramatically increase from about
11 million liters in 2015 to 75 million liters in
2030. The amount of spent TWCs is about four
times of the waste yield of spent TWCs in U.S. or
about triple of that in Europe at present (The
number of automobiles in U.S. and Europe are
0.25 billion and 0.32 billion, respectively.).
Therefore, the effective supervision and
recycling technology research of spent
automotive TWCs in China is of great urgency.
Today, 40% production of PGMs in the
world is used for producing the automotive
TWCs. Although China is the largest consumer
of PGMs, PGMs mineral resources are the very
scarce in China. On the other hand, the content of
PGMs in the automotive TWCs can be up to
0.1%-0.3%, which is hundreds of times higher
than it in ores, the main platinum metals
resources. Therefore, effective management for
the spent TWCs should be taken to avoid a
serious loss of such scarce resources.
Another problem occurred during the usage
and disposal of the spent TWCs is that a portion
of the PGMs is released from the catalyst and
they are spread and bioaccumulated in the
environment [3]. It is known that some PGMs
compounds such as the hexachloroplatinate and
tetrachloroplatinate complexes are powerful
sensitizers. Microtox toxicity tests have shown
that the EC50 of platinum chloride for
photobacterium phosphoreum is 25ȝJ/ZKLFKLV
much lower than that of copper (200ȝJ/ [3].
Nowadays, there is a wide range of possible
combinations and concentrations of PGMs in
TWCs. In European gasoline cars, the usual
Pt/Rh or Pd/Rh ratio is 5:1, and in US, is
approximately 10 [4]. But such data of PGMs
content is still lacking for spent TWCs in China.
Besides PGMs, there are different kinds of heavy
metals (HMs), such as Ni, Cr, Pb, and As, in
spent TWCs. These HMs would pose much
higher environment risk for human health than
PGMs. However, the contents of these heavy
metals in spent TWCs in China and their possible
environmental risk for human health was still not
well understood.
The HMs and PGMs are most likely to pose
environmental pollution during the TWCs
disposal and recycling process. In general, two
methods were applied in recovering the PGMs of
spent TWCs. Hydrometallurgical methods: strong
acids in combination with oxides are required in
the leaching process [5, 6]. These conditions lead
to the formation of soluble PGM complexes.
Hydrochloric acid (HCl) is a common

MATERIALS AND METHODS
Materials. 20 types of spent TWCs were
selected from Huai¶DQ, Jiangsu province in China.
All the spent TWCs have honeycomb monolith
supporter. They are firstly crushed and sieved to
go through 150 ȝP prior to analysis.
Experimental
methods.
The
Brunauer-Emmett-Teller (BET) surface area and
total pore volume of spent TWCs were
determined by using a Tristar II3020 specific
surface area and porosity analyzer (Micromeritics
Instrument Co. USA). The metal contents of
TWCs were determined by inductively coupled
plasma-atomic
emission
spectrometer
(Agilent725ES, Agilent, USA) and all the
determinations were in triplication.
Metal component analysis procedures.
After incinerated in the Muffle furnace on 600 Ԩ
for 30 minutes to decompose the organic matters,
0.1000~0.2000 g of the TWCs sample was
weighed accurately and transferred to the
digestion tank. 8 mL HNO3 and 2 mL HCl was
added to the tank before closing the lid. Then, the
digestion tank was put into the microwave
digestion instrument (ETHOS A, Milestone Co.
Itlay). The temperature increased to 175 Ԩ
within the 15 min and kept it for 20 min. After
cooling to room temperature, the digestion
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(HJ/T299-2007) , CL is the identification standard
value of contaminant i (mg/L) (GB 5085.3-2007)
[9].

solution was taken and diluted in 50 mL
colorimetric tubes. Finally, the supernatant was
taken to determine the metal concentrations with
ICP-AES.

2˅HQw2

Leaching toxicity experiment procedures.
Leaching toxicity experiments of 20 types of
spent TWCs were conducted to assess the HMs
release from TWCs under weak acid water
environment. According to the standards
recommended by Ministry of Environmental
3URWHFWLRQ RI WKH 3HRSOH¶V 5HSXEOLF RI &KLQD
(HJ/T299-2007) [8], the details of procedures are
as follows:
50g sample was put into the 2L glass bottle
before 500mL leaching reagent (mass ratio of
H2SO4:HNO3=2:1, pH=3.20±0.05) was added.
Then, the glass bottle was sealed with the cap and
vibrated for 8 hours at room temperature with a
horizontal vibrating instrument (setting vibration
frequency as 110±10 times/min, amplitude as
40mm). Finally, the leaching solution in the
bottle was settled for another 16 hours and, then
taken from the bottle and determined with
ICP-AES.

CiL / CL

(5)

where CiD is the limit concentration of
contaminant i in drinking water according to
Standards
for
drinking
water
quality
(GB5749-2006) [10].
3˅HQw3

HQw3

0.084432

Ci
RfDo

(6)

where RfDo is the oral intake of non-carcinogenic
reference dose of contaminant i (mg/kg/d)ˈand Ci
is the exposure concentration of contaminant i
which is equal to CiL/100˗

Environmental risk assessment method.
The environmental risk assessment was
conducted with the following procedures as
shown in Figure 1:
1˅
˅HQw1

HQw1

CiL
100 u CiD

HQw 2

4˅CRw

0.033 u Ci u SFo

CRw

(7)
where SFo is the oral intake of carcinogenic slope
factor of contaminant i˄mg/kg/d˅-1.

(4)

where CiL is the concentration of
contaminant i in the leaching solution (mg/L)
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FIGURE 1
The environmental risk value calculation procedures.
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FIGURE 2
The BET measurements of the spent TWCs

(a)Pore volume; (b)Surface area.
area and pore volume of spent TWCs in this
study indicated that most of them has been used
for a long time [11].

RESULTS AND DISCUSSION

Characterization of spent TWCs. Surface
morphology of spent TWCs. The BET surface
area and pore volume of 20 TWCs samples are
shown in the Fig. 2((a), (b)). These TWCs have
different BET surface areas (0.137-29.038 m2/g)
and pore volumes (0.002-0.160 cm3/g).
Compared to the BET surfaces areas (5-35
m2/g) and pore volumes (0-0.09 cm3/g) of
commercial automotive catalysts previously
reported [11], the spent TWCs in this study have
relatively small surface area and larger pore
volume. It has been observed that the Al2O3 on
the TWCs would be sintered at high temperatures
for the long-term usage. The value of the surface

Component analysis of metals in TWCs.
As shown in Fig. 3(a), except No. 4 and 13, the
contents of PGMs of most TWCs were more than
0.02%, and half of them were between
0.05%~0.15%, among that, the No.10 was
highest (0.329%). Compared to the reported
values in commercial TWCs (0.1-0.3%), the
PGMs contents in the TWCs in this study were
not high. Moreover, the Pd/Rh of most spent
TWCs was more than 10, which was larger than
the ratio of European and U.S. gasoline cars
TWCs [4].
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(a) PGMs; (b) REMs. Besides the PGMs and
REMs, 7 toxic HMs in the spent TWCs including
Cu, Zn, Ba, Ni, Cr, Pb, and As were also
determined. The Fig. 4(a) shown that the total
contents of 7 HMs in nearly half of spent TWCs
were more than 1.0% among which the No.2 and
10 were higher than 2.0%. As shown in Fig. 4 (b-d),
the contents of 7 HMs varied greatly among the 20
types of TWCs. This phenomenon indicated that
these heavy metals should be from different
resources.
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metals (REMs, Ce and La in this study) were
generally high. No.15 had the highest REMs
content (4.8%), which also implied most TWCs
have further recovery value for REMs besides
PGMs.

A proportion of PGMs in TWCs would be
released into the environment by the following
pathways: i) The PGMs which form particles are
discharged into the ambient with the car exhaust
fumes [12]; ii) The PGMs are transformed into
the soluble formation which is PtCl62-, PdCl42- or
RhCl63- in the recycling process of spent TWCs
by hydrometallurgical methods, then the soluble
PGMs will release into water or soil. The low
PGMs content and Rh ratio in China TWCs
implied the low environmental risk of PGMs
releasing during the usage and recycling process.
However, on the other hand, it increased the
environment risk during recycling process,
because more chemical reagent should be used to
extract the PGMs during hydrometallurgical
methods. Moreover, the contents of rare earth
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FIGURE 3
PGMs and REMs contents in spent TWCs.
gasoline. However, the amount of deposit of Cr
and Ni on TWCs was up to the engine wear
conditions. On the other hand, Cu and Zn on
TWCs mainly came from the lubricating oil [14].
Therefore, as shown in Fig. 4 (c), their contents
also varied greatly among different TWCs
(0.01-0.28%). Ba was the original component
of TWCs [15], so its overall content was higher
than other heavy metals (Fig. 4 (d)), which was
about 0.7% averagely.

The contents of As, Pb, Cr and Ni in the
TWCs were shown in Fig.4 (b). The As, Pb were
from gasoline and gasoline additives, while the
&U DQG 1L FDPH IURP WKH LQWHUQDO HQJLQH SDUWV¶
wearing. These HMs were released and partially
deposited on the TWCs through the combustion
of fuel [13]. The average content of these four
HMs was about 0.05%, and the highest content
reached over 0.5% (No.2). The contents of Pb
and As were higher and more stable than Cr and
Ni because the As and Pb universally exist in the
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FIGURE 4
The heavy metal contents in the spent TWCs
(a)Total Contents of heavy metals; (b)Pb,As,Cr and Ni content; (c)Cu and Zn content; (d)Ba content.
utilization efficiency would be low, while if content
of HMs was higher than 0.5%, the recycling
process would have more environmental pollution
risks. So the Area I was the worst for recycling
process but no TWCs belonged to the area among
all the 20 samples. Except No.4 and 13 (in the Area
IV), all the other TWCs have good recovery values.
Many TWCs, including 3, 5, 7, 11, 12, 15, 18 and
19, belonged to the most suitable recovery area (the
Area III). And others are in the Area II, which
means that we should carefully control the
environmental pollution risks in the recycling
process of spent TWCs.

The content of more toxic heavy metals (As,
Pb, Cr and Ni) were higher than Cu and Zn, and
these four kinds of heavy metals are from the
gasoline, its additives and the metallic part of the
engine, so controlling the quality of gasoline and its
additives, using nontoxic metal material of engine
are the key to control the pollution risk of heavy
metal pollution in automotive catalysts. Since
relatively high contents of HMs are detected in the
20 TWCs, they must be paid enough attention in the
process of recycling and disposal, otherwise it may
lead to serious human health and environment risks.
Fig. 5 shown the scatter distribution in 20
spent TWCs according to their PGMs and HMs
contents. If the contents of PGMs are less than
0.02%, it can be considered that the recovery
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TABLE 2(a) ±
Leaching toxicity results of the spent TWCs

Elements

Cr

Cu

Ba

Ni

Pb

Zn

As

1

2

3

4

5

6

7

8

9

10

LC

-

-

-

-

-

-

-

-

0.02

-

EC

2

3

5

1

2

1

1

3

2

4

LR*

-

-

-

-

-

-

-

-

1.00

-

LC

0.03

-

0.19

0.03

0.02

0.04

-

0.39

0.29

0.06

EC

2

3

20

4

3

1

3

21

6

5

*

LR

1.50

-

0.95

0.75

0.67

4.00

-

1.86

4.83

1.20

LC

0.64

0.90

0.09

0.12

0.06

0.08

0.08

6.01

0.07

0.09

EC

1048

1684

13

7

3

1626

160

1529

1097

1977

LR*

0.06

0.05

0.69

1.71

2.00

0.005

0.05

0.39

0.007

0.005

LC

-

1.17

0.42

0.44

-

0.09

-

0.29

0.19

0.70

EC

3

492

2

2

1

1

32

7

2

10

LR*

-

0.24

21.00

22.15

-

8.80

-

4.14

9.25

7.03

LC

0.08

-

-

0.13

0.06

0.21

0.15

0.11

0.03

0.03

EC

8

19

47

2

2

2

2

2

1

6

LR*

1.00

-

-

6.5

3.00

10.50

7.50

5.50

3.00

0.50

LC

0.02

0.13

18.67

0.37

0.05

0.80

0.05

1.41

2.62

8.84

EC

19

12

80

16

14

9

18

36

21

105

LR*

0.11

1.08

23.34

2.31

0.36

8.89

0.28

3.92

12.48

8.42

LC

-

0.27

0.08

-

-

1.19

0.08

0.29

0.29

0.06

EC

5

1

12

3

15

8

3

6

2

7

LR*

-

27.00

0.67

-

-

14.88

2.70

4.83

14.50

0.86

Unit: LC (Leaching concentration, mg/L); EC (Extreme concentration, mg/L); LR (Leaching rate, %).



concentrations of HMs were also calculated. The
values of leaching rate (LR) are equal to the ratio
of
leaching
concentration
to
extreme
concentration, which indicated the relative
solubility of HMs in the weak acid environment.
As shown in Table 2, most LR values were less
than 5%, which implied that most HMs on TWCs
are very stable under the weak acid condition.
However, some values of LR were more
than 10% (Pb for No. 6, As for No. 6 and 9) and
even over 20% (Ni for No. 4 and 5, Zn for No. 3
and As for No. 2). This phenomenon implied that
these HMs are not so stable on the TWCs and
possibly release into the environment during the
recycling process.

Environmental risk assessment of spent
TWCs. Leaching toxicity experiments. The
result of leaching toxicity experiment of spent
TWCs were shown in Table 2. Most of the
leaching concentrations of HMs are low
(0.001-1mg/L), and some are not detectable.
Compared with the identification standard values
in HJ/T299-2007 [8], no HMs exceeded the limit
value. But the actual contents of the total HMs in
these spent TWCs are quite high based on the
discussion in Section 3.1. Since strong acid
would be used to achieve PGMs extraction in
actual recycling process, the environmental risk
of TWCs would be enhanced than in weak acid
environment
during
leaching
toxicity
experiments. Therefore, the extreme leaching
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TABLE 1(b)
Leaching toxicity results of the spent TWCs.

Elements

11

12

13

14

15

16

17

18

19

20

LC

0.02

0.02

-

-

-

-

-

0.03

-

-

EC

1

2

1

1

1

1

4

1

2

2

LR*

2.00

1.00

-

-

-

-

-

3.00

-

-

LC

0.43

0.02

0.03

-

0.02

0.02

0.05

0.03

0.03

0.01

EC

14

8

1

3

1

2

4

7

9

5

LR*

3.07

0.25

3.00

-

2.00

1.00

1.25

0.43

0.33

0.20

LC

0.15

0.06

0.01

49.18

0.57

4.33

0.36

0.06

0.03

0.18

EC

15

110

9

1035

10

1303

608

67

26

1023

LR*

1.00

0.05

0.11

4.75

5.70

0.33

0.06

0.10

0.11

0.02

LC

0.10

-

0.05

-

-

-

0.16

-

0.23

0.16

EC

3

14

2

3

1

5

5

2

18

38

LR*

3.30

-

2.50

-

-

-

3.20

-

1.28

0.42

LC

0.07

0.07

0.52

0.13

0.08

0.28

0.40

0.04

0.04

0.05

EC

6

7

36

2

21

7

16

2

3

20

LR*

1.17

1.00

1.44

6.50

0.38

4.00

2.50

2.00

1.33

0.25

LC

1.55

0.11

6.66

0.06

0.10

0.21

0.93

0.74

1.70

0.07

EC

48

41

86

18

19

24

127

75

277

75

LR*

3.23

0.27

7.74

0.33

0.53

0.88

0.73

1.00

0.61

0.09

LC

0.66

-

-

-

0.96

0.14

0.33

0.07

-

-

EC

12

2

1

3

17

37

55

2

1

5

LR*

5.50

-

-

-

5.65

0.38

0.60

3.50

-

-

Cr

Cu

Ba

Ni

Pb

Zn

As

Unit: LC (Leaching concentration, mg/L); EC (Extreme concentration, mg/L); LR (Leaching rate, %).
*LR= LC(mg/L)/EC(mg/L)
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Environmental risk assessment of spent
TWCs.
The environmental risk values of
TWCs were calculated according to the
procedures in Fig. 1 with leaching concentration
in Table 2. The values of HQw2, HQw3 and CRw
were indicated with green, blue and yellow in
Table 3. As shown in Table 3, all environmental
risk values are beyond the 10-6 (the acceptable
risk) which indicated that the environmental risk
of all spent TWCs are very high even in the
normal condition (the weak acid environment).
Furthermore, the most HQw2 values achieved for
Pb (17), followed by Ni (12), As (12), Zn (7) and
Ba (4). Cr only achieved CRw value although its
high toxicity and carcinogenicity. The HQw2
values of Pb, As, Zn and Ba were about 10
thousands to 100 thousands times than 10-6,
which demonstrated these four HMs have great
environmental risks. The values of Cu, Zn were
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FIGURE 5
Comparison of PGMs and HMs contents in
the spent TWCs.
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about 100 to 1000 times to 10-6, which indicated
their risks were slightly weaker than As, Pb, Ni
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and Ba. Cr had the minimal risk due to the low
content and leaching concentration.

TABLE 3
Environmental risk values of spent TWCs (Normal condition).


No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
HQw2

Cr
3.80×10-6
3.47×10-6
3.30×10-6
4.46×10-6
HQw3

Cu
6.33×10-4
4.07×10-3
6.75×10-4
4.64×10-4
7.81×10-4
8.32×10-3
6.04×10-3
1.35×10-3
9.10×10-3
3.59×10-4
5.49×10-4
4.64×10-4
3.59×10-4
9.92×10-4
6.75×10-4
5.28×10-4
2.96×10-4

Ba
2.71×10-3
1.28×10-2
3.59×10-4
5.07×10-4
2.70×10-4
3.42×10-4
3.50×10-4
8.59×10-2
3.12×10-4
4.09×10-4
6.12×10-4
2.58×10-4
5.07×10-5
7.03×10-1
2.40×10-3
6.19×10-2
1.53×10-3
2.74×10-4
1.31×10-4
7.47×10-4

Ni
5.84×10-1
2.10×10-1
2.22×10-1
4.40×10-2
1.45×10-1
9.25×10-2
3.52×10-1
4.75×10-2
2.50×10-2
8.00×10-2
1.17×10-1
8.00×10-2

Pb
7.90×10-2
1.27×10-1
5.90×10-2
2.06×10-1
1.52×10-1
1.14×10-1
2.90×10-2
3.30×10-2
7.10×10-2
6.60×10-2
5.24×10-1
1.32×10-1
7.80×10-2
2.78×10-1
3.97×10-1
4.30×10-2
4.40×10-2
4.60×10-2

Zn
5.35×10-5
3.60×10-4
1.87×10-1
1.04×10-3
1.41×10-4
2.24×10-3
1.46×10-4
3.96×10-3
1.41×10-2
2.62×10-2
8.84×10-2
1.55×10-2
1.88×10-2
6.66×10-2
2.87×10-4
5.82×10-4
2.62×10-3
2.09×10-3
1.70×10-2
1.86×10-4

As
2.67×10-1
8.00×10-2
1.19
8.10×10-2
2.85×10-1
2.85×10-1
5.90×10-2
6.60×10-1
9.63×10-1
1.39×10-1
3.33×10-1
7.40×10-2
-

CRw

The environmental risk values of TWCs are
calculated according to the procedures in Fig. 1
with extreme concentration in Table 2. The
values of HQw1 and HQw2 were indicated with
red and green in Table 4 respectively. The
environmental risk values calculated with
extreme concentration were greater than those
with leaching concentration, which demonstrated
the significant environmental risk during the
hydrometallurgical recycling process of TWCs.
All value calculated are HQw1 and HQw2, and the
most HQw1 values achieved for Ba (12), followed
by Pb (11), As (11), Ni (9) and Zn (3). Pb, As and
Ni always resulted in the great risks in both
normal and extreme conditions. The environment
risk of Ba and Cr also improved dramatically
because their low solubility in normal conditions
no longer limited its behavior in the extreme
condition. This phenomenon indicated that the
spent TWCs would generate much greater risk in
the hydrometallurgical recycling process.
Therefore, the management measures should be
taken in the recycling process of spent TWCs,
especially the concentration of Pb, As, Ni, Zn
and Ba in the discharged wastewater from many
small recycling workshops of spent TWCs in
China.

CONCLUSIONS
The metal component analysis and their
environmental risk assessment of 20 three-way
catalysts in China were conducted:
(1) The average content of PGMs in the
spent TWCs are close to 0.1%, which was
relatively low, compared to the reported value
(0.1-0.3%). But it was still much higher than
PGMs content in basic ores. The low content of
PGMs also implied the increasing environment
risk during recycling process because more
chemical reagent would be used.
(2) The spent TWCs contained many heavy
metals including Cr, Ni, Pb and As etc. and the
content of the total HMs of most these spent
TWCs are more than 1.0%. These HMs are from
different sources including gasoline, lubricating
oil, internal engine parts or TWCs itself.
(3) The result of leaching toxicity
experiments demonstrated that most HMs were
stable under the weak acid condition. However,
all environmental risk values based on the
leaching or extreme metal concentration were
beyond the acceptable risk. The management
measures should be taken in the recycling
process of spent TWCs, especially for the Pb, As,
1606
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Ni, Zn and Ba pollution control.
TABLE 4
Environmental Risk value of spent TWCs (Extreme condition).


No.

Cr

Cu

Ba

Ni

Pb

Zn

1

4.00×10-1

2.00×10-2

1.05×101

1.50

1.60

1.90×10-1

1.00

2

-1

3.00×10

-2

1.68×10

1

3.80

1.20×10

-1

1.00

2.00×10

-1

1.80×10

-1

8.00×10

-1

2.40

4.00×10

-2

1.00×10

-1

-1

3.00

6.00×10

3

1.00
-1

4

2.00×10

5

4.00×10-1

3.00×10-2

6

2.00×10-1

1.00×10-2

7

2.00×10

-1

3.00×10

-2

8

6.00×10

-1

2.10×10

-1

9

4.00×10-1

10
11

9.84×10

1

1.00

9.40

As

1.00

2.00

1.60×10

4.00×10-2

5.00×10-1

2.00

1.40×10-1

3.00

1.63×101

5.00×10-1

2.00

9.00×10-2

1.60

2.00

1.80×10

-1

3.00

-1

1.20

1.60

6.40
1

1.40

2.00

3.60×10

6.00×10-2

1.10×101

1.00

1.00

2.10×10-1

2.00

8.00×10-1

5.00×10-2

1.98×101

2.00

1.20

1.05

1.40

2.00×10

-1

1.40×10

-1

4.00×10

-1

8.00×10

-2

13

2.00×10

-1

1.00×10

-2

14

2.00×10-1

1.00×10-2

15

2.00×10-1

1.00×10-2

16

2.00×10

-1

2.00×10

-1

1.30×10

17

8.00×10

-1

4.00×10

-2

18

2.00×10-1

19
20

12

1.53×10

2.10×10

-1

1.10

1.20

7.00
-1

1.40

4.80×10

2.40

4.10×10

-1

2.00

-1

1.00

2.80

7.20

8.60×10

1.04×101

1.50

2.00

1.80×10-1

3.00

1.40×10-1

0.50

4.20

1.90×10-1

3.40

1.00

1.40

2.40×10

-1

7.40

6.08

1.00

3.20

1.27

1.10×101

7.00×10-2

9.60×10-1

1.00

2.00

7.50×10-1

2.00

4.00×10-1

9.00×10-2

3.70×10-1

3.60

3.00

2.77

1.00

4.00×10-1

5.00×10-2

1.02×101

7.60

4.00

7.50×10-1

1.00

HQw1

1.30×10

1.50

-1

1

HQw2
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UNDERSTANDING SPATIAL AND TEMPORAL SNOW
DYNAMICS OF A MEDITERRANEAN CATCHMENT USING
PROCESS-ORIENTED MODELLING AND REMOTE
SENSING
Cenk Donmez1, Suha Berberoglu1, Ahmet Cilek 1
1

University of Cukurova, Department of Landscape Architecture, 01330 Adana, Turkey.

cover and melt located in mountainous basins are
the primary water sources for the large populations
and critical components for the continuum of the
ecosystems.
The snow is an important component for the
mountainous ecosystems and particularly sensitive
to global warming. Within regional climate
changes, air temperature is projected to increase in
many regions that will change the snow lines in
mountainous basins and cause vital changes in local
and regional snow cover. Therefore, snow
accumulation and melt that provide water to
headwaters supporting agriculture and domestic
fresh water supplies in several mountainous basins
will be directly affected by those changes. Snow
surface is also used as a surrogate surface for dry
deposition of Polycyclic Aromatic hydrocarbons
(PAH) in urban areas and settlements [1].
Addressing the climate change, Turkey is one
of the leading countries that will be affected by the
global warming. Turkey shows considerable
differences in climatic conditions in the inland and
coastal regions due to its location and climatic
variability. The country constitutes many basins
located in mountainous areas where the effects of
climate changes in snow conditions have a
significant importance to fulfill present-future
water-use requirements.
The mountainous basins in Turkey that have a
fraction of runoff driven from snow melt are
particularly dependent on local snow conditions.
Hence, these basins are highly susceptible changes
and rise in temperature to suffer from the effects of
climate warming. A significant rise in temperature
for Turkey in middle and higher elevation ranges is
expected where the snow quantities are stored to
link precipitation-flow relationship. The main
expected effect of temperature rise is to change
local and regional stream flow behavior. Therefore,
it is essential to estimate snow conditions within
different climate change scenarios to understand the
impacts of temperature rise on the snow cover and
melt in local scale.
Although, the estimation of snow quantities
present vital importance for the future water needs,

ABSTRACT
Snow processes have important impact on the
short and mid-term water balance of mountainous
catchments. Hence, predicting and understanding
the spatial variability of snow-related dynamics
plays an important role in catchment hydrology.
The snow dynamics are also critical in mountainous
ecosystems via their effects on the water balance.
These dynamics play a key role as important
resources for the water supplies as the main income
source and driving force of local development in
such regions. The aim of this study was to estimate
the spatial variability of seasonal snow cover and
quantify the snow dynamics (Snow Water
Equivalent, snow melt runoff, depth) using
mechanistic modelling and remote sensing from
1987 to 2014 in Egribuk Subcatchment located at
Seyhan Watershed, Turkey. Process-based J2000
model was used to estimate the snow dynamics.
Wide range of spatial and time series data sets were
used in modelling process. The study concludes
with the remarks on the potential contribution of
recent developments such as distributed snow
modelling and use of remote sensing data to
improve our understanding water cycle. Addressing
the model results, specific strategic benchmarks
were recommended to manage the snow-water at
the subcatchment level to address present issues
and projected adaptation needs for water
management.
KEYWORDS:
Mechanistic Modelling, Remote Sensing,
Dynamics, Water Management, Subcatchment.

Snow

INTRODUCTION
Hydrological conditions including fresh water
supplies and runoff regimes in mountainous areas
are mainly controlled by snow cover and its
melting. For many semi-arid and arid regions, the
surface flow is derived from precipitation falling as
snow on neighboring higher elevations. The snow
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it is in important research question and need for
Mediterranean.
Hence,
development
and
application of well-suited modeling techniques to
estimate snow quantities in respect to climate
change is a critical research need in Turkey where
water resources are limited and will be affected
severely by climate change, particularly in local
scale.
The aim of the study was to estimate the
spatial variability of seasonal snow cover from
1987 to 2014 using process-based modelling and
remote
sensing
techniques
in
Egribuk
Subcatchment located at Seyhan Watershed,
Turkey. Digital Elevation Model (DEM), land
cover, geology, soil, Hydrological Response Units
(HRUs) maps and meteorological time series will
be utilized as main modelling entities. The model
outcomes then will be validated using snow
measurements and snow cover maps derived from
selected non-cloud LANDSAT ETM images
acquired between 1987 and 2005. Multispectral
satellite images provide a convenient and promising
data sources to analyse the spatial distribution of
different ecosystem variables (Ozelkan et al.,
2015). A quantitative analysis of the snow cover on
complex topography in the study region will be
carried out to reveal natural snow variability.
The study has significant importance to
quantify the catchment snow dynamics. In many
mountain economies, reliable snow cover and
dynamics play a key role as an important resource
for the water supplies as the main income source
and driving force of local development in such
regions.
In order to take full advantage of the
technological progress, advances in remote sensing
should be accompanied by corresponding
improvements in methods of snow modelling
applications. Within this interactive process,
introducing periodical snow cover mapping in
model validation with a better spatial resolution is a
key process to strengthen and reconstruct the model
validation schemes and robustness. The integration
of remote sensing snow products derived by
empirical methods into the snow modelling was
carried out and examined to implement a fuzzy
snow characterization and mapping scheme to assist
model calibration and validation.
Snow observation data derived from the
available stations in and around the study area have
also a significant importance for model validation.
There are several techniques used to collect in both
fresh and aged snow samples such as snow beds,
telemetry, depth sensors and surrogate snow surface
sampler (Paloluoglu et al., 2015) etc.

STUDY AREA AND DATA
Study area. Egribuk Subcatchment in the
Upper-Seyhan Basin in the Eastern Mediterranean
Region of Turkey selected for this project has a
very high local environmental quality and
sensitivity in respect to water resources (Figure 1).
The basin covers an area of approximately 550 km2.

FIGURE 1
Egribuk Subcatchment.

Egribuk subcatchment shows semi-arid
Mediterranean climate in lower regions (hot and
dry summers, mild, wet winters) and upper regions
with continental climate (cold and snowy winters).
Vegetation of the region comprises deciduous,
montane forest (conifers) and shrubs. The elevation
of the area ranges from 200 m to 3550 m. At
present, the area is undergoing a rapid development
with consequent impacts including seepage of
waste water and irrigation return flow, land
reclamation, degradation and loss of forest by
accelerated erosion and fire, salinization of
freshwater resources and soil, pesticides, and
related industrial activities, exploitation for tourism
and recreation. As a result of these impacts, the
water quality of the Seyhan river is reducing, but
has not yet reached a level at which mitigating
actions would be effective.
Snow quantities (snowmelt runoff, snow cover
extent, snow-water equivalent, depth) have great
importance among the hydrological quantities as it
constitutes nearly 30% in volume of the total yearly
runoff of Egribuk Subcatchment during spring and
early summer months. Snow presence and melting
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runoff influence various fields including hydrology
of different altitudes, fresh water supplies and
upstream-downstream linkages in mountainous
regions. Snow is a critical resource in water
management of the USB for human welfare and
essential for the maintenance of the rich biological
diversity in local. Therefore, determining the
amount of snowmelt runoff using remote sensing
and modeling techniques in basin scale is an
important benchmark in order to use and manage
the present and future water resources of the study
area.
Data. The understanding of hydro-climatic
conditions in meso to macro-scale river basins
mostly comprises huge amount of dataset which
needs to be throughly investigated [4]. These data
set include hydrometeorological data, snow
measurement data from available snow stations,
Digital Elevation Model (DEM), Landsat ETM
(1987-2005) for deriving NDSI maps, MODIS for
deriving NDVI maps, soil texture and geology
maps. Geology information included various lime
stones, esp. in high elevations; carbonates spreaded
throughout the region soils. Strong seasonal stress
on soil development was introduced to modelling
by the soil map by including shallow-weathering
limited soils on steep slopes, Red Mediterranean
soils in the lower regions.

FIGURE 2
Flow chart of the methodology

Land Cover. The J2000 models required
detailed land cover/use information for the
modelling process to estimate the areal distribution
of snow cover for dominant land cover types. The
land cover map was produced using LANDSAT
ETM scenes acquired between 2000 to 2005,
topographical maps and ground truth. Image
classification was carried out using Maximum
Likelihood Algorithm (MLA) with supervised
training. In this process, sample pixels were
selected and introduced to the classifier. Those
pixels provided the spectral reflectance properties
of each class in the form of the mean reflectance for
each spectral waveband. Then, the land cover map
was generated in 30 m spatial resolution (Figure 3).

METHODS
The methodology of the study was conducted
in different steps including snow modeling and
model evaluation process by means of remote
sensing data. The methodological approach
consisted of five phases (Figure 2) i)
comprehensive remote sensing and GIS analysis, ii)
watershed system analysis, iii) the simulation of
hydrological dynamics using the J2000 model to
determine spatial snow depth, Snow Water
Equivalent (SWE) and snow melt, iv) the
comparison of model, remote sensing snow
products and gauging data.

Soil and Geology Information. The J2000
model required a large and detailed soil map. This
map was derived from the Soil Science Department
of Cukurova University. It included the texture
information and indicate the attributes of soil assets.
The soil information was evaluated and then
formatted in GIS environment to feed into the snow
modelling.
A required geology map was derived and
analysed in GIS environment by characterizing the
different geological- geomorphological characteristics in terms of their spatial distribution in the
study region. Both soil and geology maps were
produced in grid format with 30 m spatial
resolution.

Remote Sensing and GIS Analysis. This
study comprised a detailed remote rensing and GIS
analyses to produce required inputs for snow
modelling and its evaluation process. These inputs
are land cover, hydrometeorology, soil and geology
map, DEM maps.
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MODIS Global MOD13Q1. These maps were
provided every 16 days at 250-meter spatial
resolution as a gridded level-3 product in the
Sinusoidal projection. NDVI maps were acquired
from 2011 to 2012.
Mapping Snow in Densely-Forested Areas.
One of the key difficulties in mapping snow
covered area is forest cover, which obscures snow
beneath the canopy and also contributes to the
overall pixel reflectance [6]. To cope with this
issue, the NDVI and the NDSI were used together
in order to discriminate between snowfree and
snow covered forests. In forested locations, many
snow covered pixels have an NDSI lower than 0.4.
Forested pixels have higher NDVI values compared
with non-forested pixels. Thus a combination
algorithm was used to combine the NDSI and
NDVI maps to lower the NDSI threshold in
forested areas. The algorithm was utilized the
satellite reflectances in MODIS bands 4 and 6 to
calculate the NDSI. A pixel was mapped as snow if
the NDSI value was 0.4 and the reflectance in
MODIS band 2 was >11%. However, if the MODIS
band 4 reflectance was <10%, then the pixel was
not mapped as snow even if the other criteria are
met. In addition, MODIS reflectances in bands 1
and 2 was used to calculate NDVI to permit
mapping snow in forests [7]. If a pixel has NDSI
and NDVI values within an irregular polygon as
determined from canopy-reflectance modeling it is
mapped as snow [6].

FIGURE 3
Land use/cover map of the study area

Digital Elevation Model (DEM) Data. A
high-resolution DEM in 30 m was derived from
1:25.000 scaled topographic maps by various GIS
analyses. DEM data was used in a comprehensive
watershed system analysis and regionalization.
Normalized Differences Snow Index
(NDSI). NDSI maps was derived and integrated
into the model calibration and validation processes.
The model snow outputs were compared and
validated using the NDSI maps. The NDSI maps
were particularly useful for the identification of
snow and ice and for separating snow/ice and most
cumulus clouds. These maps will be produced by
using a ratio of reflectance values in the visible and
near-infrared wavelengths of MODIS data within a
multispectral binary classification approach:
ସ െ  
ସ   
ܲ݅ ݈݁ݔൌ  ܫܵܦ݂ܰ݅ݓ݊ݏ ͲǤͶ
ܽ݊݀ଶ  ͲǤͳͳܽ݊݀ସ  ͲǤͳͲ

Watershed
System
Analysis.
A
compherensive hydrological system analysis are
needed to provide better understanding in the
modelling process. These analyses comprised the
derivation of the topographic-related data including
slope and aspect information, stream networks,
flow direction and accumulation, Hydrological
Response Units (HRUs) for the study region based
on the DEM. Slope and aspect maps were derived
as the ratio of the altitude change to the horizontal
distance between any two pixels on the line in the
study regions.

ܰ ܫܵܦൌ

1)

where p is the surface reflectance in MODIS bands
2 (0.841±0.876 nm), 4 (0.545±0.565 nm) and 5
(1.230±1.250 nm) [5]. The pixel is initially
considered snow covered if it is over 0.4.
Normalized Differences Vegetation Index
(NDVI). The NDVI maps were obtained from
Land Processes Distributed Active Archive Center
of United States Geological Survey (USGS) as
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layers. These spatial informations were extracted
for each unit and transferred into a data table. HRU
units were used as the main modelling entities
which assisted to increase the accuracy of the
proposed snow modelling. In total, 3444 HRUs
were delineated by GIS analysis ranged from 0.3 to
1 km2.
Modelling Snow Dynamics. The snow
quantities of Egribuk Subcatchment was modelled
using the J2000 model approach. The J2000 is a
distributed, process oriented hydrological model for
hydrological simulation of meso and macro-scale
catchment [9]. The model describes the
hydrological processes as encapsulated process
modules. The snow quantities are estimated in the
model basically using Snow Cover Extend (SCE)
module.
The snow module calculates the different
phases of snow accumulation, metamorphosis and
snowmelt. The snow module takes into account the
changes of state of snow pack during its existence,
especially changes of snow density due to melting
and subsidence. For the model different water
capacities of the snow pack are considered: the
actual snow water equivalent (SWEdry) which
corresponds to the amount of water which has
actually frozen and the total snow water equivalent
(SWEtot) which in addition considers liquid water
stored in the snow pack. The snow pack and its
conditions are described in the model according to
the following parameters: snow depth (SD)[in mm],
dry snow density (dryDens) [in g/cm3] as the
quotient from total water content and snow depth. If
there is minimum, mean or maximum air
temperature for a certain time (daily data for this
study period), the module calculates separate
accumulation or melt temperatures. In this way,
accumulation and melting can occur within a time
step. The accumulation and melt temperatures can
be calculated [4].
The snow module simulates accumulation and
compaction of the snow pack caused by snowmelt
or rain on snow precipitation. The thermal
circumstances under the snow cover are taken into
account with the cold content in the snow cover in
connection with the snowmelt. At the temperature
below the freezing point, the snow pack cools down
significantly. Because melted water freezes
immediately
due
to
negative
isothermal
circumstances under the snow cover, no runoff
occurs. The cold content needs to reach the value
zero so that the process of snowmelt begins again.
Consequently, negative temperatures raise the cold
content whereas the positive temperature reduces it.
The calculation of storage of cold content results
from the product of air temperature by a calibration
parameter (coldContFact). Only when the cold
content has reached a value of 0, snowmelt occurs.

FIGURE 4
Stream network and DEM of study area.

Flow Direction, Accumulation and Stream
Networks. Flow direction and accumulation are
important in snow modeling as focal functions to
determine the drainage potential. The direction was
calculated by a grid processor as a function of
steepest downward descent depending on the
direction of flow. Accumulation of the headwaters
in the study region was then generated based on the
direction of flow of each cell. By selecting cells
with the greatest accumulated flow, a network of
high-flow cells were produced by using DEM in a
grid format. Since the flow accumulation is the
simplest form of upslope cells that flow into each
cell that are important to introduce the flow
potential in the model.
Deliniation of stream networks was based on a
DEM and the flow accumulation outputs (Figure 4).
A threshold value was incorporated with the flow
data, and the stream network of the study region
was derived in grid format. These networks
provided detailed information about different levels
of the headwaters in the catchment. Hydrological
Response Units (HRUs). HRUs are defined as
distributed, heterogeneously structured (model)
entities having a common climate, land use, and
underlying
pedo-topo-geological
associations
controlling their hydrological dynamics [8]. HRU
map is considered as one of the most important
inputs that is required by the snow modelling. The
study region was partitioned into the modelling
units resulting from a GIS overlay of slope, aspect,
land cover, soils and geology by utilizing these data
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Snow accumulation occurs in the model if
precipitation falls in solid form (newSnow > 0).
Therefore the density of new snow is determined
subject to air temperature. The calculation is carried
out according to Kuchment et al. [10] and
Vehvilaeinen [12], if the air temperature is higher
than -15 oC.
݊݁ݓ݊ܵݐ
݈݀݁ ܦܵܽݐൌ
ሾ݉݉ሿ
2)
݊݁ݏ݊݁ܦݓ݊ܵݓ
ܹܵݕݎ݀ܧ௧ ൌ ܹܵݕݎ݀ܧ௧ିଵ  ݊݁ݓ݊ܵݐሾ݉݉ሿ
3)
The dry snow water equivalent and the total
snow water equivalent are increased by the same
value. If the precipitation event involved mixed
(rain/snow) precipitation, the rain amount is
allocated to the total snow water equivalent.
If the melt temperature value (Tmelt) exceeds
the temperature limit value (baseTemp), the snow
pack goes from the accumulation phase to the
metamorphosis. The amount of energy which is
required for snowmelt is available in three different
ways. First, by input of sensible heat by air
temperature (t_factor), second, by energy input
from precipitation as rain (r_factor) and third, by
input due to soil heat flow (g_factor). The sum of
all energy inputs gives the potential snowmelt rate
(Mp). The calculation of Mp is carried out. Mp is
initially used to balance out the cold content of the
snow cover and is then also used to generate
snowmelt. The potential snowmelt rate then is taken
to calculate the resulting maximum change of snow
depth. If SD is greater than the entire snow depth, it
defrosts completely and the entire snow water
equivalent contributes to runoff generation in the
form of snowmelt. In addition to this change in
density, additional changes in subsidence and
density according to the snow compaction-scheme
[13] are taken into account. For the calculation the
increase of accumulated water content in
percentage is seen in relation to the snow water
equivalent using this formula:
ܧܹܵݐݐ
(4)
ܲ௪ ൌ
ή ͳͲͲሾΨሿ
݀ܧܹܵݕݎ
This equation shows that the more liquid water
there is as input, the greater is the snow pack
subsidence (P_w) [14]. In the model, melting
process is simulated by using the calculation of a
maximum water content of the snow pack
(SWEmax) according to:
5)
ܹܵ௫ ൌ  ݏ݊݁ܦݐ݅ݎܥݓ݊ݏή ܵܦሾ݉݉ሿ
The critical density (snowCritDens) needs to
be provided by the model user. The water stored in
the snow pack which exceeds this limit is conveyed
as runoff.
(6)
ܳ௦௪ ൌ ܹܵܧ௧௧ െ ܹܵܧ௫ ሾ݉݉ሿ

In the following time steps, the density of the
snow pack keeps the critical threshold density until
it is either defrosted or starts the accumulation due
to recurring snowfall.

TABLE 1
Performance of the model parameters in
calibration process.
Paramater
a_rain (mm)
a_snow (mm)
gwRG1RG2
Basetemp (0C)
r_factor (mm)
t_factor (C)
soilMaxPerc

Value
2.44
9.81
0.5
-4.55
1.32
4.74
19.81

r2
0.86
0.75
0.86
0.75
0.83
0.77
0.82

e2
0.49
0.50
0.50
0.51
0.52
0.51
0.50

Where a_rain: Maximum storage capacity of
the interception storage per m2 leaf area for rain,
a_snow: Maximum storage capacity of the
interception storage per m2 leaf area for snow,
gwRG1RG2: calibration coefficient for distribution
of percolation water, Basetemp: Temperature limit
value for snow precipitation, r_factor: Rain factor
for calculation of snowmelt runoff, t_factor:
Temperature factor for calculation of snowmelt
runoff, soilMaxperc: maximum percolation rate).
Model Calibration and Validation. The
J2000 model was calibrated for selected points in
the region where measured snow information from
ground based measurement networks is available.
In total 7 model parameters were used in model
calibration. For calibration, the model was run 500
times for each parameter. Optimum values were
then recognized providing the best model
performance. Nash-Sutcliffe (e2) [11] and
Determination Coefficients (R2) of these
parameters were taken into account to reflect this
model performance (Table 1).
Spatially-distributed validation was done by
overlaying the remote sensing snow products and
model snow outputs. Cross tabulation technique
was carried out to analyze the spatial distribution of
different snow parameters between NDSI and snow
prediction maps of the model. Additionally
information of the Turkish State Hydraulic Works
snow measurement network was used for model
validation.
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10.02.1987

06.01.1989

29.01.2000

08.02.2001

11.02.1999

23.01.2001

10.01.2002

FIGURE 5
Comparison of J2000 Snow Cover Extent and Normalized Differences Snow Index.

TABLE 2
Comparison of model and remote sensing snow output.
Date

Area
(km2)

NDSI

J2000 SCE

Classification

Snow

NoSnow

%

Snow

NoSnow

%

Snow

NoSnow

%

10.02.1987

85.62

467.1

15.0

109.6

443.1

19.0

127.0

425.7

22.0

06.01.1989

88.17

464.5

15.75

78.3

474.4

14.1

87.37

465.3

15.8

11.02.1999

152.6

400.1

27.6

68.7

483.9

12.4

162.4

390.3

29.5

427.5

125.1

77.7

513.4

39.3

92.8

439.4

113.2

79.4

08.02.2001

69.17

483.5

12

62.4

490.3

11

76.85

475.9

13.9

23.11.2001

151.7

401.0

27

70.95

481.8

12

151.6

401.1

27.4

10.01.2002

487.4

65.36

88.49

491.4

61.27

89.2

446.8

105.9

80.8

29.01.2000

552.76
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TABLE 3
Correlation of J2000 SCE-NDSI-classification maps (Total pixel: 614.177).
Date

NDSI
151611
155047
225769
481617
105804
181723
560795

10.02.1987
06.01.1989
11.02.1999
29.01.2000
08.02.2001
23.11.2001
10.01.2002

Snow pixels
J2000
170763
117037
190531
549929
117274
234251
560000

Classification
172012
172494
254550
503689
110554
179067
503689

Kappa Statistics
J2000 vs.
J2000
0.71
0.794
0.702
0.798
0.70
0.76
0.85
0.94
0.69
0.74
0.76
0.66
0.95
0.97
0.76
0.80

10.02.1987

06.01.1989

11.02.1999

29.01.2000

08.02.2001

23.01.2001

10.01.2002

FIGURE 6
Snow Water Equivalent (SWE) maps from the J2000 model.
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From this network daily information about
snow depth and snow equivalent were obtained and
compared to model simulation results.

and snow depth at subcatchment scale. The model
was ran from 1987 to 2014. Snow cover extent and
SWE derived by the model simulations was
mapped using comprehensive GIS techniques.
Moreover, seven cloud-free Landsat images were
selected to compare snow model outputs.
Particularly, SCE maps were then compared with
remotely sensed NDSI maps derived from those
Landsat images. Model J2000 SCE and NDSI maps
are shown in Figure 5.

RESULTS AND DISCUSSIONS

Area with SWE > 0 (%)

The process-oriented J2000 model was
performed in this study in order to quantify the
snow dynamics including snow cover extent, SWE

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

FIGURE 7
Monthly spatial distribution of mean Snow Water Equivalent (SWE) from the J2000.
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derived by the J2000 model simulations for various
dates are shown in Figure 6.
SWE were calculated for each HRU, then
incorporated by the HRU maps of the
subcatchment. It was assumed as snow while the
estimated SWE was over 0. In general, the model
estimates high SWE on the steep forming the
northern
subcatchment
boundary.
Lower
magnitutes of SWE are estimated for the flatter
areas in the region. Spatial distribution of mean
SWE for different months is also given in Figure 7.
Model results showed that a sharp increase
occurs in SWE in December within a strong snow
precipitation in the region. Snow melt season starts
in
April
where
accumulation
decreases
considerably. These results indicated that the J2000
modelis able to capture the seasonal changes and
variations in snow cover in a complex
Mediterranean environment. Figure 8 shows the
annual snow depth derived from the model
simulations. Accumulated annual SWE for the
years 1987 ± 2014 are also given in Figure 9.

The snow cover derived by the model
simulations shows greater distribution in January
and February in comparison to November and
December. The amount of snow distribution
roughly the double amount than the mid-elevation
areas does in particular during winter. Spatial
statistics of the comparison of model and remote
sensing snow outputs are given in Table 2.
Correlation of J2000 SCE-NDSI-classification
maps are also shown in table 3.
2000 and 2002 were heavy snow years, with
several areas retaining snow into the hydrological
year. A fraction (ranging from 1% to 80% of the
pixel area) of snow remained in between 77.7% and
88.49% of the pixels in the subcatchment as
determined from the model snow outputs.
Comparing the temporal characteristics of
simulated J2000 SCE and results of remote sensing
analysis of Landsat images indicated that snow
cover decrease in the ablation period. There is a
slight overestimation recognized in simulated snow
covered areas. The minimum and maximum SWE
was also modeled in the watershed. SWE maps

^ŶŽǁĞƉƚŚ;ĐŵͿ

ϵϬ

DŽĚĞůůĞĚ
KďƐĞƌǀĞĚ

ϳϱ
ϲϬ
ϰϱ
ϯϬ
ϭϱ
Ϭ

ϭϵϴϳ ϭϵϴϵ ϭϵϵϭ ϭϵϵϯ ϭϵϵϱ ϭϵϵϳ ϭϵϵϵ ϮϬϬϮ ϮϬϬϰ ϮϬϬϲ ϮϬϬϴ ϮϬϭϮ
FIGURE 8
Annual snow depth for the years 1987 ± 2014.

^t ŵŵ

ϱϬ
ϰϬ

DŽĚĞůůĞĚ

ϯϬ

KďƐĞƌǀĞĚ

ϮϬ
ϭϬ
Ϭ
ϭϵϴϳ ϭϵϴϵ ϭϵϵϭ ϭϵϵϯ ϭϵϵϱ ϭϵϵϳ ϭϵϵϵ ϮϬϬϮ ϮϬϬϰ ϮϬϬϲ ϮϬϬϴ ϮϬϭϮ
FIGURE 9
Accumulated annual SWE for the years 1987 ± 2014.
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TABLE 4
Temporal variation of modelled and observed SWE and snow depth.
Year

Snow Depth (cm)

SWE (mm)

Modelled

Observed

Modelled

Observed

1987

11.47

7.14

6.16

5.15

1988

12.20

10.00

7.60

8.50

1989

0.20

1.60

14.40

13.10

1990

43.78

40.89

39.28

45.14

1991

17.12

9.74

4.67

7.10

1992

28.57

21.85

13.96

16.38

1993

70.90

78.00

11.80

7.90

1994

10.60

10.17

2.45

2.67

1995

15.11

8.88

7.84

8.25

1996

15.39

13.42

6.50

8.61

1997

27.81

26.33

8.79

4.70

1998

54.84

55.70

8.24

4.60

1999

20.55

10.26

6.55

6.41

2000

3.45

6.53

3.85

3.69

2002

30.31

24.39

9.33

12.73

2003

17.56

13.70

9.78

9.20

2004

23.94

19.05

9.55

10.97

2005

23.52

20.70

2.59

2.35

2006

37.14

35.45

2.51

2.43

2007

13.89

16.40

14.05

11.70

2008

18.10

15.47

2.60

1.07

2010

17.22

14.00

2.33

8.50

2012

13.56

18.50

2.11

1.10

2014

20.30

20.20

1.90

1.50

ϵϬ

ϲϬ

ϳϱ
D
ŽĚ ϲϬ
Ğůů ϰϱ
ĞĚ ϯϬ

Ǉсϭ͘ϬϰϵǆͲ ϯ͘ϭϲϳϭ
ZϸсϬ͘ϵϰ

D
ŽĚ
Ğůů

ϯϬ
ϭϱ

ϭϱ
Ϭ

Ͳϭϱ

Ǉсϭ͘ϬϵϳϲǆͲ Ϭ͘ϲϬϰϭ
ZϸсϬ͘ϵϭ

ϰϱ

Ϭ
Ϭ

ϭϱ

ϯϬ

ϰϱ

ϲϬ

ϳϱ

Ϭ

ϭϱ

ϯϬ

ϰϱ

KďƐĞƌǀĞĚ

KďƐĞƌǀĞĚ

FIGURE 10
Coefficient of determination for the regression between modelled and observed SWE (left) and snow
depth (right).

The modelled and observed SWE showed a
strong correlation. In model simulations, the

beginning of the melting period and an initial
decrease of snow depth were also reproduced with a
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In model simulations, the ratio of total and
snow melt runoff was also estimated. LOng term
mean distribution of those variables are shown in
Figure 11.
Model results indicate that snow melt runoff
provide a considerable amount of water supply to
the region particularly in winter and spring seasons.
During winter a huge amount of precipitation is
stored as snow in the upper part of the
subcatchment providing important water storage.
According to the model results, this water storage
provide a valuable water supply for the region in
spring. This supply is especially important for the
vegetation period starting after winter dormancy
and for many other purposes including irrigation,
sustaining of a minimal low flow and domestic use.
Quantification of simulated total and long term
mean snow melt runoff are given in Table 5.

reasonable accuracy. However, simulated snow
depth computed lower than measured snow depth in
average. Temporal variation of modelled and
observed SWE and snow depth are shown in table
4.
Long term mean depth was estimated as 22.81
cm per year. Observed mean depth was 20.76 cm
per year. Thus, the model showed a good
performance to estimate long term depth
distribution. The coeficient of determination (R2)
was calculated using standard statistical procedures
[15], where the modelled SWE was compared with
the measured SWE (Figure 10).
The graph shows a good aggrement between
model results and observation data with over 0.90
for both variables. This agreement indicates the
capability of the model approach to estimate snow
dynamics in a complex region.

ϴϬ

^ŶŽǁŵĞůƚY
dŽƚĂůY

ϲϬ
Y
ŵŵ

ϰϬ
ϮϬ

Ϭ
:ĂŶ &Ğď DĂƌ Ɖƌ DĂǇ :ƵŶ

:Ƶů ƵŐ ^ĞƉ KĐƚ EŽǀ ĞĐ

FIGURE 11
Long term mean simulated snow melt and total runoff distribution.

TABLE 5
Quantification of simulated total and long term mean snow melt runoff.
Term
1987-2014

Area
(km2)
552.76

Precip.
(mm)
767.09

Total Q
Long term mean
Total (mm)
339.9
420 x 106

Total runoff was estimated as 339.9 mm / per
year and 13% of this amount consists snow melt.
Huge amount of total runoff is also computed as
420 x 106 m3 providing fresh water to the
downstream area where the dam lakes are mainly
located in the subcatchment. 13% of total runoff
consists snow melt per year. Snow driven
catchments such as Egribuk release snow melt
water only for a limited time period in spring. Thus,
quantifying snow melt runoff has a significant
importance to utilize this amount of water for later
use snow melt water.

Snow Melt Q
Long term mean
Total (mm)
44.3
60 x 106

CONCLUSIONS
The aim of this study was to demonstrate the
potential of spatial modelling and remote sensing
approach to estimate spatio-temporal snow
dynamics and pattern in a semi-arid Mediterranean
environment. The spatial and temporal distribution
of SWE, depth and SCE were the three primary
factors of interest.
Quantitative assessment of the spatial
distribution of SWE provides valuable insight and
information for water management and hydrologic
forecasting at regional scale. For a sustainable
planning, prediction and management of water
resources provided as snow melt a reliable estimate
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The regionalization, model simulations,
calibration and validation processes of similar
modelling studies may be used to generate different
scenarios and projections with respect to the longterm seasonal changes in water budget and snow
water supply regimes. Addressing the snow water
supply and its spatially distribution, a decision
support scheme should be designed to provide
planning strategies for efficient and sustainable use
of water in such complexs catchments. Thus, the
study intends to provide a basis to implement a
drainage and reservoir management ideas at
subcatchment level. This will also assist for
designing land use strategies for present and also to
mitigate the potential impacts of climate change in
near future.
Detailed statistical analysis and comparison
between the Landsat snow cover and model outputs
have been carried out. The agreement with the
results of the evaluation with ground measurements
confirms that Landsat snow cover maps can be used
in similar evaluations when little or no observations
in higher altitudes are available.

of the amount of water stored as snow in a
catchment (referred as snow water equivalent) is a
prerequisite of paramount importance. Such
information is needed for example to ensure enough
storage capacity in reservoirs or to provide
managers and farmers with information which
amount of water can be expected for the
forthcoming growing season.
The J2000 hydrological model was
appropriate for simulating the main hydrological
processes and allows estimating spatio-temporal
variability of snow dynamics in a mountainous
basin. The model was able to simulate the seasonal
snow variations reasonably. The analyses of
simulated snow depths and SCE showed strengths
and limitations of the model referring the input data
quality. Model applications indicated that runoff
mechanisms are strongly controlled by snowmelt in
spring, but also that there is a significant decrease
in groundwater recharge comparing different
periods which might be associated with land use
changes and/or altered snow melt onsets.
In the best case snow estimations can be
obtained from ground observations when snow
observations are available at climate stations. Even
if such point information is existent, an
interpolation for the entire catchment area is still a
challenging and difficult task which contains quite
an amount of uncertainty, as snow distribution is
highly variable in space and time. Many studies
have shown that process-oriented models can be
very valuable tools for such an interpolation. The
problem is that such models need to be calibrated
and validated to produce reliable estimates with a
limited amount of uncertainty. The information for
model calibration and validation can be obtained
from a combination of ground observations and
remote sensing.
This study provides a valuable insight for
quantification of the snow dynamics by means of
implementing a mechanistic model to provide
comprehensive spatial information to develop
planning strategies to define appropriate locations
for Winter Recreation, building dams and to
develop relationships between the natural and
socio-economic basin characteristics. Moreover,
comparing in-situ measurement data with remote
sensing snow products and the snow model outputs
will assist to confirm the accuracy and consistency
of remote sensing and geo-spatial modelling
techniques for reliable snow mapping. Mapping and
analyzing of the seasonal and long-term distribution
of snow in such a comprehensive study, will help to
gain further understanding in respect to their
hydrological supply regimes to the headwaters.
This provides a valuable benchmark for water
management studies.
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germination [3-5], root elongation [6-9], general
plant growth [10-12], nutrient distribution [13, 14],
chlorophyll synthesis [11, 15, 16], photosynthetic
activity [11, 17, 18], the influx and transport of
mineral nutrient in plant species [19-23]. Despite
the increasing knowledge about the interaction of
Pb2+, Cd2+ and Ni2+ with diverse bio- chemical
processes in plants, there is less information on the
exchange of these heavy metals, trace elements and
proton (H+) between root and medium. According
to Seregin and Ivanov [1], the problems of
transported forms of Pb2+, Cd2+ and Ni2+ have not
been decisively solved. Nowadays, we investigated
the transport mechanisms of cadmium and nickel,
and the exchange of these heavy metals and trace
elements [24, 25]. In the present study, we
investigated the same properties for lead. The aim
of this study was to investigate the phytotoxic
effects of Pb2+ on root growth and to determine the
amount of these heavy metals absorbed by the
plant, but also to investigate the Pb2+/H+, Pb2+/Fe2+,
Pb2+/Mn2+ transport by measuring Pb2+, pH and the
corresponding trace elements such as Mn2+ and
Fe2+. The results of this study were compared with
previous studies with nickel and cadmium
treatment.

ABSTRACT
In this study, the effect of different
concentrations of lead (0.25, 0.50, 1.00 and 2.00
mM) uptake by roots, on root growth of Allium
cepa, and the transport of lead ion (Pb2+), iron ion
(Fe2+), manganese ion (Mn2+) and hydrogen ion
(H+) were investigated spectrophotometrically. The
uptake of Pb2+, Fe2+ and Mn2+ by Allium cepa were
monitored by a Unicam model 929 flame atomic
absorption spectrophotometer (AAS) and pH values
were measured by a Jenway 3040 Ion Analyzer
with a combination glass electrode. The mineral
content of the solution was measured instead of the
mineral content of the root material. Lead ions had
inhibitory effect on the root growth in all
concentrations during the entire treatment. The
EC50 was found at 0.50 mM Pb2+. A large amount
of Pb2+ was translocated into A. cepa roots. The
kinetics of metal ion transport was described by a
pseudo-first order reaction at 1.00 and 2.00 mM
metal ion concentrations. Pb2+, Fe2+ and H+ ions
transfer into plant from solution but Mn2+ ion
transfer to the solution from the plant. The amount
of H+ in the solution is increased at all Pb+2
concentrations except 0.25 mM Pb+2 concentration.
The results of this study are compared with
previous studies with nickel and cadmium
treatment.

MATERIAL AND METHODS
Plant material and plant culture. Onion
(Allium cepa) was selected as a material for this
study. Because it is a good specimen for study and
has many primoridal (adventitious) roots that are
growing rapidly. So it has got much adsorption
surface. All experiments were performed on
primoridal roots of the onion. The onions used in
the experiments were prepared as described by
Wierzbicka [26] to obtain equal growth of
primoridal roots. Healthy and equal±sized bulbs of
common onion were used. Before starting the
experiment, the outer dry scales of the bulbs were
removed and the ring of the root primordial was left
intact. Twenty-eight onions composed an

KEYWORDS:
Allium cepa L, root growth, atomic absorption
spectrometry, lead, phytotoxic effect, transport.

INTRODUCTION
Lead, nickel and cadmium are major
environmental heavy metal contaminants [1, 2]. In
high concentrations, these heavy metals manifest
considerable phytotoxicity. Although not essential
for plant growth, these metals are readily taken up
by roots and translocated to aerial organs in many
species [1,2] . They have inhibitory effects on seed
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Statistics. The significant difference between
the treated and the control samples was analyzed by
Student's-test. The values of root are mean of the
longest 20 root measurements, while medium
mineral content values are mean of three
measurements.

TABLE 1
Composition of the HoaglDQG¶VQXWULHQWVROXWLRQ.

KNO3
Ca (NO3)2 .4 H2O
NH4H2PO4
MgSO4. 7 H2O
Kill
H3BO3
NaEDTA
FeSO4
MnSO4.H2O
ZnSO4.7 H2O
CuSO4. 5 H2O
(NH4)6Mo7O24

)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

Fe2+and Mn2+ by the plants were monitored by a
Unicam model 929 flame atomic absorption
spectrophotometer (AAS) within a 24-hours period
for 7 days. The kinetics was worked out to check
whether ion transport followed first order or second
order kinetics. Furthermore, pH value was
measured by a Jenway 3040 Ion Analyzer with a
combination glass electrode. The concentrations of
Fe2+ and Mn2+ metal ions in the solution were read
directly, while Pb2+ was measured at 4- and 20-fold
dilutions. A Unicam model 929 AA flame atomic
absorption spectrometer with deuterium lamp and
air-acetylene burner was used for metal
determination. In atomic absorption, sensitivity is
defined as that concentration of the element in ppm
(or ȝJPORU mg /l) in aqueous solution. The hollow
cathode lamps for Pb2+, Fe2+ and Mn2+ were operated
at 15 mA, 20 mA, and 12 mA, respectively. The
wavelengths for Pb2+, Fe2+ and Mn2+ were set at
217.0 nm, 248.3 nm, and 279.5 nm, respectively.

experimental set, and the seven onions within each
set were selected for control. At the beginning of
the experiment, onions were placed individually in
60 ml vessels containing distilled water. All
samples were kept in the laboratory with a 16:8 h
photoperiod under 1500 luxes. Since temperature is
an important factor affecting root growth, the
temperature of the laboratory was kept at 22oC (±
0.5). When the roots reached a length of 1.5-1.7 cm,
onions were transferred to culture tanks in 60 ml
+RDJODQG¶VQXWULHQWVROXWLRQVXSSOHPHQWHGZLWK$±
Z microelements and grown in opaque containers.
The cRPSRVLWLRQRI+RDJODQG¶VQXWULHQW solution is
given as mM and mg/L at Table 1. Lead ions were
supplied as Pb(NO3)2. Four different lead doses
0.25, 0.50 1.00 and 2.00 mM were used which were
prepared in modified Hoagland nutrient solution.
The control groups were treated only with modified
Hoagland nutrient solution. 7 onions were exposed
to each different concentration that includes control
group. Experiments were replicated 3 times.

Component



Composition
mM
mg/L
0.6
60.7
0.4
94.5
0.2
23.0
0.1
24.6
0.05
3.73
0.025
1.55
0.02
7.44
0.02
3.04
0.002
0.34
0.002
0.36
0.0005
0.12
0.0005
0.62

RESULTS
Figure 1 shows the effect of exposure group
on A. cepa roots elongation after 7-days of
exposure to various Pb2+, Cd+2 and Ni2+ treatments.
Pb2+ inhibited root growth in a dose-dependent
manner. The phytotoxic effects (EC50) of Pb2+ on
roots were found at 0.50 mM. Lead had no
significant inhibitory effects on root growth at 0.25
mM during the entire treatment, while at 1.00 and
2.00 mM it inhibited the root growth. 1.00 mM Pb 2+
had a clear toxic effect on root elongation and roots
did not elongate at 2.00 mM Pb2+ as it was seen
cadmium [24]. However, the phytotoxic effects
(EC50) of Ni2+ on roots were found at 0.25 mM.
Inhibitory effect has not changed significantly after
at 0.50 mM Ni+2 concentrations [25].

The phytotoxic effect of lead on root
elongation. The plants were grown for 7 days. The
root elongation toxicity test was performed
according to Chang et al. [27]. Root length was
measured using a millimeter ruler starting at the
onset of incubation, then after 1st, 2nd, and 3rd, 4th,
5th, 6th, and 7th days. At the end of the 7th day, the
total root lengths were measured. Means and
standard deviations of the length of onion root tips
were determined. The phytotoxicity results were
based on the effective concentration that reduced
root growth by 50% (EC50).
The mineral content of the solution and
estimation of pH. In this study, the mineral content
of the solution was measured instead of the mineral
content of the root material. The uptake of Pb2+,
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Pb ion
Cd ion

7.00

Ni ion

Root Elongation (cm)

6.00

5.00

4.00

3.00

2.00

1.00

0.00
0.00

0.50

1.00

1.50

2.00

Concentration of metal ion in solution (mM)

FIGURE 1
The root elongation in nutrient solution after 7
days of exposure to various Pb2+, Cd2+ and Ni2+
treatments. Data are mean of 20 measurements.

Figure 2a shows lead concentration in nutrient
solution after 7 days of exposure to various Pb 2+
treatments. The change of lead ion concentration in
solution with time at the low concentrations (0.25
mM Pb) was very less. It was about initial
concentration and so that it was seen as a increase.
It can be observed from the figure that at the
beginning Pb2+ decline showed a sharp decrease at
especially 2.00 mM Pb2+ concentration. This
decrease of lead ion concentration can be due to
Pb2+ ion binding and adsorption of the onion
surface.
From the data changes in Pb2+ movement
(Figure 2a), kinetics of the process can be
calculated for each set of measurements at the
specific Pb+2 concentrations. A reaction rate
constant can be written as:

V

dA
dt

k[ A] n

(1)

Where [A] is the metal ion concentration (mM) in
the nutrient solution; t is the time of exposure to
various metal treatments (day); k is the rate constant
and n is the reaction order. Since the metal ion
concentration decreased with time, a pseudo first
order reaction would have the relationship:, the
term dA/dt for a pseudo first order reaction (n 1);
(2)
ln A ln A0  kt

FIGURE 2
Concentration of metal ion in nutrient solution
after seven days of exposure to various Pb2+
treatments. Each value represents the mean
obtained as a result of three series of
independent measurements. (a) Pb2+, (b) Fe+2
and (c) Mn2+

To calculate the value of k, plots of ln A versus
time were drawn and found to be linear for 1.00 and
2.00 mM Pb2+ concentrations as seen in Figure 3.
But there is not a linear change for 0.25 and 0.50
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Fig. 2(b), the amount of Fe2+ in solution increased
at 0.25 and 0.50 mM lead concentrations while it
was decreased at 1.0 and 2.0 mM lead
concentrations at the end of 7 days. There was a
irregulary for Fe transport at 1.0 mM lead
concentrations. Fig. 2(c), it was observed that the
case of Mn2+ was different from that of Fe2+. The
Mn2+ concentration in nutrient solutions increased
with time for all studied Pb2+ treatments, and this
increase was also dependent on Pb2+ concentration.
Fig. 4 represents the effect of the experimental
group on pH variation in nutrient solution after 7
days of exposure to various Pb2+ treatments. As
seen in Fig. 4, the pH values of the solutions are not
changed significantly in any case. However,
solutions of nickel and cadmium varied in pH more
than did the lead.

mM Pb2+ concentrations. The reaction rate
constants for 1.00 and 2.00 mM Pb2+ concentration
were calculated from the slopes of the straight lines
and were given in Table 2. The kinetics of lead ion
transport was described by a pseudo-first order
reaction at high lead ion concentration (1.00 and
2.00 mM lead concentrations). The results show
that rate constants are dependent on concentrations.
As seen in Table 2 from the our previous studies
[24], the rate constant for Cd2+ is independent of
the concentration, and there is only a slight
deviation at 0.25 mM Cd2+ solution. The kinetic of
cadmium ion transport was described by a pseudofirst order reaction at all cadmium ion
concentrations. Also, the rate constants for Ni2+ are
dependent of the concentrations and increase with
increasing Ni2+ concentrations. The kinetics of
nickel ion transport was described by a pseudo-first
order reaction at all nickel ion concentrations [25].

8.0
3.00

7.0

0.25 mM Pb sol.
0.50 mM Pb sol.
1.00 mM Pb sol.
2.00 mM Pb sol.

2.00

1.00

6.0

5.0

pH

0.00

4.0

In A

-1.00

3.0
-2.00

0.25 mM Pb sol.

2.0

0.50 mM Pb sol.
1.00 mM Pb sol.

-3.00

2.00 mM Pb sol.

1.0

-4.00

0.0

-5.00

0

1

2

3

4

5

6

7

Time (day)
-6.00
0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

Time (day)

FIGURE 4
Effect of Pb+2 on pH in nutrient solution.

FIGURE 3
Kinetics of Pb2+ transport process into the onion
roots at the specific Pb2+ concentration. Source
phase: Nutrient solutions with 0.25, 0.50, 1.00
and 2.00 mM lead ion.

Knowing the total metal ion concentration in
nutrient solution and using the value of control
solutions (without heavy metal), we obtain the
concentration (or amount) of metal ions that were
transferred to the onion roots or to the solution. Ion
transport (% mM) after 7 days at 2.00 mM Pb2+,
Ni2+, Cd2+ and H+ concentration is shown in Figure
5. The value of pH changes as logarithmic
because pH is minus logarithm of hydrogen ion
concentration ( pH = - log [H+] ). As seen as
percentage ion transport graphic, in Figure 5-a, the
changes are ion changes. At initially pH =5.50 and
hydrojen ion concentration, [H+] is about 0.003
mM. At after 7 days at 2.00 mM
Pb2+
concentration, pH and [H+] were changed as pH
=5.69 and [H+] = 0.002 mM. So percentage
hydrogen ion transport is found as about 33 %
(mM).

TABLE 2
Values of reaction rate constants at various Pb2+,
Cd2+ and Ni2+ ion concentrations.
Heavy metal
ions
Pb
Cd
Ni

Rate constants, k (day-1)
0.25
0.50
1.00
2.00
mM
mM
mM
mM
0.19
0.80
0.10
0.07
0.07
0.06
0.04
0.04
0.08
0.10

The relationship between the Fe2+ and Mn2+
concentration of the solutions, until the time of
exposure to various Pb2+ treatments in these
systems are shown in Figs. 2(b) and 2(c). As seen in
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Root elongation is related to cell metabolism.
According to Seregin and Ivanov [1], diverse
effects of heavy metals on cell metabolism are
brought about by direct and indirect activities of
these heavy metals. For example, in Zea mays, it
was seen that inhibition of shoot growth was
detected after lipid peroxidation [28]. The same
mechanisms are seen in primary leaves of P.
vulgaris under Cu2+ and Zn2+ stress condition [29].
There have been a few studies on transport of
Pb2+ Ni2+and Cd2+ and trace elements such as Fe2+,
Zn2+, K+, Na+ and Mn2+. The rate of metal transport
is highly specific for plant species. In the presence
of Pb2+, Ni2+and Cd2+, the total contents of mineral
nutrients in plant organs may increase, decrease, or
stay even [1,2]. In the present study, it was
observed that Pb2+ and Fe2+ transferred into plants
while Mn2+ was increased less in solution. Mn2+
uptake was not changed at lower Pb concentration,
and almost stayed even. In our previous study [25],
it was observed that Ni2+, Fe2+, Zn+2 and Mn2+
transferred into plants as in the study done on rye
grass [30]. Mn2+ and Fe2+ content of roots of
Allium cepa were increased in this study, while in
Lolium perenne [31], Triticum aestivum [32] Mn2+
and Zn2+ were decreased and in Phaseolus vulgaris
[33] Mn2+ uptake stayed even, in Hordeum vulgare
and Triticum aestivum [34] Fe2+ uptake was
decreased. Yang et al. [20] reported that Cd2+
decreased both uptake and transport of Zn2+, Fe2+,
Mn2+, Ca2+ and Mg2+ in clover to higher extend than
in cabbage. In our previous study [24], it was seen
that Cd2+ blocked the uptake of Fe2+ and Mn2.
The mechanism of Pb2+, Ni2+ and Cd2+ ions
penetration was not studied in detail. According to
Seregin and Ivanov [1], there are at least two welldiscerned mechanisms decreasing the uptake of
macro and micronutrient by heavy metals. The
physical and chemical mechanisms used depend on
the size of the metal. According to the hypothesis
[23], there is a divalent metal ion transport protein
in the membrane capable of transporting a broad
range of metal ions, including Mn2+, Fe2+, Co2+,
Ni2+, Cu2+ and Zn2+. Knöpfel et al. [23] showed that
the transport of metal ions, such as Mn2+, Co2+,
Ni2+, Cu2+ and Zn2+ is protein mediated just as Fe2+.
The competition experiments indicate that these
metals ions compete for the same transport protein
[23]. Symptoms of growth depression, early
senescence, grain inviability and reduced Fe levels
in tissue were noticed in cereals such as barley, oat
and wheat with nickel deficiencies [34]. Our
previous study supports and argues that Fe2+ and
Ni2+ ions can be transported in the same direction
[25].
The second mechanism relies on metalinduced disorder in membrane enzyme activities
and membrane structure [35]. This mechanism is
supported by Baccouch et al. [28] and Pandolini et

100

Ni



0

-50

-100

FIGURE 5
Percentage ion. Initially, the nutritent solution
had 0.002 mM Mn2+, 0.02 mM Fe2+ and 0.003
mM H+ ion concentrations (pH=5.5) but Pb2+,
Ni2+ and Cd2+concentration is 2.00 mM. Positive
values indicate net ion flux to solution and
negative values indicate net ion flux from
solution.

DISCUSSION
The tolerance index, that is the ratio ()
between the root /shoot length of the heavy metalstressed plant and that of the control plant, and
LC50, the metal concentration that inhibits root
growth by 50, are often used as indices [1, 2].
LC50 indices in plant species was classified by
Seregin and Kozhevnikova [2] into more tolerant
(Cucumis sativus and Panicum miliaceum) and less
tolerant (Chloris gayana, Lactuca sativa, Lolium
perenne, Panicum maximum, and Zea mays).
In the present study, Allium cepa is more
tolerant to lead and cadmium than nickel at 0.25
mM concentrations. The growth reduction has to be
considered as a consequence of toxic heavy metal
effects in roots. The value of LC50 was found to be
0.50 mM for lead and cadmium and only 0.25 mM
for nickel. As seen in Figure 5, the order of
tolerance is Pb2+ > Cd2+ > Ni2+.
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[4] Titov, A. F., Talanova, V. V. and Boeva, N. P.
(1996) Growth responses of barley and wheat
seedlings to lead and cadmium. Biologia
Plantarum 38, 431 ± 436.
[5] Wierzbicka M, Obidzinska J. (1998). The
effect of lead on seed imbibition and
germination in different plant species. Plant
Sci 137: 155-171.
[6] Obroucheva, N.V., Bystrova, E.I., Ivanov,
V.B., Anupova, O.V. and Seregin, I.V. (1998)
Root growth responses to lead in young maize
seedlings. Plant Soil, 200, 55-61.
[7] Wozny, A., Zatorska, B. and Mlodzianowski,
F. (1982) Influence of the lead on the
development of lupin seedlings and
ultrastructral localization of this metal in the
roots. Acta Societatis Botanicorum Poloniae
51, 345-351.
[8] Ivanov, V.B., Bystrova, E.I., Obroucheva,
N.V., Antipova, O.V., Sobotik, M. and
Bergmann, H., (1998) Growth response of
barley roots as an indicator of lead-toxic
effects, Angewandte Botanik 72, 140±143.
[9] Liu, D., Jiang, W., Guo, L., Hao, Y., Lu, C.
and Zhao, F. (1994) Effects of nickel sulfate
on root growth and nucleoli in the root tip of
Allium cepa, Israel Journal of Plant Sciences
42, 143-148.
[10] Greger, M., Brammer, E., Lindberg, S.,
Larsson, G. and Idestam-Almqist, J. (1991)
Uptake and physiological effects of cadmium
in sugar beet (Beta vulgaris) related to mineral
provision. Journal of Experimental Botany,
239, 729-737.
[11] Kacabova, P. and Natr. L. (1986) Effect of
lead on growth characteristics and chlorophyll
content in barley seedling Photosynthetica 20,
411-417.
[12] Pandolfini, T., Gabbrielli, R. and Comparini
C. (1992) Nickel toxicity and peroxidase
activity in seedlings of Triticum aestivum L.
Plant Cell and Environment 15,719-725.
[13] Moral, R., Gomez, I., Navarro, P.J. and
Mataix, J. (1994) Effects of cadmium on
nutrient distribution, yield, and growth of
tomato grown in soilless culture. Journal of
Plant Nutrition 17, 953-962.
[14] Burzynski, M. (1987) The influence of lead
and cadmium on the absorption and
distribution of potassium, calcium, magnesium
and iron in cucumber seedlings. Acta
Physiologiae Plantarum 9, 229-238.
[15] Parekh, D., Puranik, R.M. and Srivastava,
H.A.(1990) Inhibition of chlorophyll bio
synthesis by cadmium in greening maize leaf
segments. Biochemie und Physiologie der
Pflanzen 186, 239-242.
[16] Malik, D., Sheoran, I.S. and Singh, R. (1992)
Lipid composition of thylakoid membranes of

al. [12]. According to Seregin and Ivanov [1], lead
and cadmium inhibit the the growth by lipid
peroxidation and enzyme inhibition in plants.
In this study, it was observed that Pb 2+ and H+
transferred into plant as was seen with Cd2+ [24]
and Ni+2 [25]. However, H+ transport was less than
in other studies. Gries and Wagner [36] tested the
possibility that Ni+2 is transported across the
tonoplast by Ni+2/H+ antiport mechanism in oat
roots. Their results indicated the absence of a
Ni+2/H+ antiport in oat root tonoplasts. According to
Nishimura et al. [35] heavy metal /H+ antiport
mechanism does not fit the data. The present study
supports their conclusions for lead, cadmium, and
nickel [24, 25].

CONCLUSION
This study showed that Pb2+, Cd+2 and Ni2+
plays a negative role in growth of onion roots.
Moreover, it was shown that root growth was
inhibited by all studied doses of these heavy metal
ions. The effective concentration (EC50) of Pb and
Cd for roots was found as 0.50 mM while (EC50) of
Ni2+ on roots were found to be 0.25 mM. The
kinetics of metal ion transport was described by a
pseudo-first order reaction at all metal ion
concentration. Pb+2, Fe2+ and H+ ions transfer into
plant but Mn2+ transfer to the solution from plant.
Cd2+ and H+ ions transfer into plant but Fe2+ and
Mn2+ transfer to the solution from plant. Ni+2, Fe2+,
Mn2+ and H+ ions transfer into plant. Explanation of
these data and the mechanism needs further
research
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the oceans and ice caps, respectively. Only about
0.8% is considered freshwater and the remaining
1% is brackish water which exists as a surface and
ground water1. Many countries have suffered from
water shortage and have long researched on
solutions for freshwater supplies. An increasing
demand of freshwater will result due to rapid
population growth, improvement of living
standards, and development of intensive industrial
and agricultural activities and other human
activities2. Enormous reserves of freshwater
underground is hardly accessible and seawater is
unusable for human consumption and production.
Conventional solutions such as water conservation
and dam construction are not adequate for the rising
demand for freshwater. Therefore, desalination of
brackish water has emerged as an efficient
approach to water reproduction3.
SO42- is one of the major ions in brackish
water and has deleterious effect on plant growth
and certain microbial activities4. Desalination has
become an important approach for SO42remediation and the methods include thermal
evaporation,
reverse
osmosis
(RO)
and
electrodialysis5-7. However, conventional methods
are correlated with high cost and frequent
maintenance. Microbial treatments, especially using
nanomaterials (NM) as both adsorbent and carrier
for contaminants and microorganisms, respectively,
is a promising approach with superiorities of being
cost-effective, efficient and environment friendly8.
NM, characterized with at least one dimension
ranging from 1-100 nm, show particular properties
when compared with bulk-size materials9. They
display benefits in effective ion removal derived
from the traits of large surface area, sub-surface
transport, and improved reactivity10. Several NM
such as activated carbon, nanoiron and nanosilver
have been widely studied and extensively reviewed
in brackish water remediation11. However, the
application of nanosilica was rare studied.
Recent advances in Effective Microorganisms
(EM) offer opportunities to develop new strategy of
microbial immobilization for brackish water
remediation. EM technology, invented by Professor

ABSTRACT
Sulfate ion (SO42-) is one of the major ions in
brackish water and has deleterious effect on plant
growth
and
certain
microbial
activities.
Desalination has become an important approach for
SO42- remediation. This study was conducted to
evaluate the enhanced effects of nanosilica on
Effective Microorganisms (EM) immobilization and
SO42- removal in brackish water. The results
revealed that nanosilica largely improved the
microbial immobilization. Carriers with small
proportion of nanosilica (0.037 ± 0.066 g.g-1)
immobilized more EM than that with same
proportion of activated carbon (0.029 ± 0.06 g.g-1).
The removal of SO42- was observed to be divided
into the absorption and reduction stages: the porous
structure of nanosilica led to the remarkable
absorption of SO42- in the absorption stage and the
metabolisms of EM played an important role in the
reduction stage. The SO42- removed by nanosilica
biocarriers was around 58% - 65% which was
significant larger than those by EM fermentation
broth (29.9%) and sediment carrier (1.2%). The
portion of nanosilica and temperature were to
important influencing factors and 10% nanosilica
biocarrier had the largest removal efficiency of
65% at room temperature. Additionally, the
increase of initial SO42- content was also
determining in increasing the removal efficiency of
SO42-.

KEY WORDS:
Nanosilica,
Effective
Microorganism,
Immobilization, SO42- Remediation

Microbial

INTRODUCTION
Water plays an imporWDQW UROH LQ KXPDQ¶V
daily life and, is also a precious natural resource. It
has been reported by the U.S. Geological Survey
that 96.5% and 1.7% of Earth water are located in
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Teruo
Higa,
includes
four
fundamental
microorganisms commonly found in ecosystem,
namely; photosynthetic bacteria, acid bacteria,
lactic actinomyces, and yeast. It is a combination of
approximately 80 different microbes that are
capable of desalination12. Immobilized EM
efficiently remove SO42- by speeding up the
reduction process and providing the abundant ATP
and enzymes during the reactions. Meanwhile, CO3generated during EM metabolisms of organic
carbon can precipitate the metal ions in brackish
water which is also beneficial for desalination13.
The aims of the study were to: (1) evaluate the
immobilization effects of EM enhanced by
nanosilica; (2) investigate the adsorption and
degradation efficiency of SO42- by both nanosilica
and EM; (3) and investigate the optimal
temperature and initial SO42- concentration for
SO42- remediation.

MATERIALS AND METHODS
Brackish water preparation. Anhydrous
Na2SO4, dried under condition of 105 Ԩ, was
precisely weighed to prepare SO42- stock solution of
1000 mg.L-1. Then, the brackish water with SO42concentrations of 50, 100, 150, 200 and 250 mg.L-1
were prepared for the remediation.
Culture of Efective Microorganisms. Five
milliliter of EM-1 liquid was added into 90 mL of
deionized water supplemented with 5 g molasses in
order to reactive the EM14. EM activation in
Erlenmeyer flask was kept for 48 hrs and then the
fermentation liquid was transported into fermentor
for enlargement cultivation (Fig. 1). Medium for
EM enlargement cultivation is composed of several
ingredients (Table 1)15. EM enlargement cultivation
was kept for 5 days at 37Ԩ with continuous
aeration and agitation (220-250rpm). The final EM
fermentation broth (EMFB) were then obtained
with the characteristics of tawny semitransparent
liquid with a pleasant sour smell and microbial
communities larger than 0.5 x 108 cfu.ml-1.

TABLE 1
Medium ingredients.
Medium
Ingredients
Concentration/(g.
L-1)

Molasses

Corn meal

(NH4)2SO4

CH3COONa

MgSO4

KH2PO4

0.3

0.5

0.1

0.05

0.02

0.03

carriers was measured16: the biocarriers were first
washed by distilled water and obtained a weight
(W1)after natural air drying. The 5% NaOH
solution was then used to wash the biocarriers and
the weight (W2) was obtained after natural air
drying. The amount of biomass adsorbed per gram
of the carrier was calculated using the following
expression:

Immobilization
of
Effective
Microorganisms. Nanosilica and activated carbon were
mixed with sediments, respectively at three
different weight ratio of 10%, 15% and 20%.
Carriers made of 100% sediments were used as
control groups (CK). The mixtures were induced
into granulator to form the spherical carriers with a
diameter of 30 mm and the weight of 10 g (Fig. 1).
The carriers were then mixed with EMFB for cell
immobilization with duration of 48 hrs. The
obtained biocarriers were dried naturally until the
moisture content was fewer than 20%.

where Wi (g.g-1): adsorption of biomass per gram of
carrier; W1(g): total weight of biocarrier; W2 (g):
weight of carrier.

Experimental procedures and determining
methods. After cell immobilization, the
immobilized biomass(Wi) absorbed on different
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FIGURE 1
Production process of biocarriers for brackish water treatment.

Biocarriers were added into a 10 L brackish
water container for SO42- remediation experiment.
pH of the brackish water were adjusted to 7.5 and
the retention time was set at 12 days17. Remediation
effects of SO42- were compared among the
treatments amended with nanosilica biocarriers,
activated carbon biocarrier and sediment carriers.
Moreover, influencing factors such as temperature
and SO42- initial concentration were also discussed.
Three repeats were conducted in each treatment.
The mechanism of SO42- absorption and reduction
accorded with pseudo-first-order kinetic reaction
equation can be expressed as18:



RESULTS AND DISCUSSION
Biomass immobilization with different
carriers. The EM biomass immobilized per gram
of the carrier was shown in Fig. 2. Biomass
immobilized on carriers with certain proportion of
nanosilica (0.037 ± 0.066 g.g-1) and activated
carbon (0.029 ± 0.06 g.g-1) were significantly larger
than that of sediment carrier (0.01 g.g-1). It was
indicated that the addition of NM significantly
enhanced the absorption of cells on carriers. In
addition, the biomass immobilized on carriers with
certain ratio of nanosilica were comparably larger
(0.006-0.008 g.g-1) than those of carriers with same
ratio of activated carbon This indicating that cell
immobilization might be related to different
PDWHULDO¶V SK\VLFDO FKDUDFWHULVWLFV. It was reported
that cell immobilization is directly proportional to
the specific surface area and total pore volume, but
inversely proportional to the micropore volume 19.
However, He et al. found nanosilica had smaller
micropore volume (0.37 cm3.g-1) and specific
surface area (800 m2.g-1) but larger total pore
volume (1.8 cm3.g-1) compared with activated
carbon19. Therefore, cell immobilization capacity of
NM is determined by the integrated effects of its
surface physical characteristics rather than a single
factor.
On the other hand, carriers with 10%
nanosilica and activated carbon had the largest
immobilized biomass of 0.066 and 0.06 g.g-1,

where C0 (mg. L-1): the initial SO42- concentration;
Ct (mg. L-1): the residual SO42- concentration; k1:
reaction rate constant; t: time.
Statistical analysis. The data were processed
and the averages and the standard deviations were
calculated by Microsoft Excel. SPSS 11.5 software
ZDVXVHGIRUVWDWLVWLFDODQDO\VHV'XQFDQ¶VPXOWLSOH
range tests were applied for significant analysis of
immobilized EM biomass and SO42- remediation
effects at P < 0.05.
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previous data20. Meanwhile, with this ratio, the
cohesiveness of the sediment efficiently ensured the
shaping of biocarrier and avoided the fall-off of
immobilized cells.

respectively and the amount was decreased as the
increased proportion of NM. The results suggested
1/9 was the optimal weight ratio for nanosilica and
activated carbon with sediments for sustaining high
biomass adsorption which was consistent with our




FIGURE 2
EM immobilization biomass were measured among biocarriers composed of nanosilica and activated
carbon at weight ratio of 10%, 15% and 20%, respectively and sediment at weight ratio of 100% (CK).
Means followed by the asterisk (*) were statistically different to the control (for P < 0.05).
SO42- removal with different biocarriers.
Nanosilica biocarriers, sediment carriers and EM
fermentation broth (EMFB) (10 g of each
treatment) were added into the 10 L brackish water
container with SO42- initial concentration of 50
mg.L-1, respectively. The results were illustrated in
Fig. 3. Sharp decrease of SO42- were observed in all
treatments in the first 2 days. After then, continuous
decreases were obtained in the treatments using
nanosilica biocarriers while stabilizations were
shown in those using sediment carriers and EMFB.
It was indicated EM can quickly remove SO42- in
brackish water through microbial metabolism and
might be decomposed due to the lack of carbon
source and shelter in a long period21-22. At the end
of the treatment, SO42- removal percentage of
nanosilica biocarriers (58% - 65%) were
significantly higher than those of EMFB (29.9%)

and sediment carrier (1.2%). The results indicating
that SO42- removal was fundamentally determined
by the integrated effect of NM and immobilized
microbes23. This was not surprising given that it had
been reported nanosilica was capable of absorbing
ions since its physical characteristics and EM has
the ability to reduce the sulfates24-25. These findings
suggested that EM is capable of consuming SO42simultaneously while maintaining a relatively high
growth rate with nutrients and shelter26. Without
immobilization, EM is unstable and difficult to
adapt to the new environment27. Taken together,
these findings demonstrated that immobilized EM
can continuously reduce the SO42- based on its
biofilm formation on carriers and metabolism.
Furtehrmore, nanosilica carrier acted as an iron
absorbent and microbial shelter was beneficial for
SO42-decline and EM growth.
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FIGURE 3
SO42- removal percentage were measured among biocarriers composed of nanosilica at weight ratio of
10%, 15% and 20%, respectively and sediment at weight ratio of 100% and EM fermentation broth
(EMFB).
In terms of SO42- removal by biocarriers with
different weight ratio of nanosilica (10%, 15% and
20%), three-stage decreases of SO42- were obtained:
dramatic decline of SO42- was achieved during the 0
± 2 d; slight decreases were shown between 2 ± 8 d;
and sharp decreases were reach again after 8 d. At
the end of the treatment, biocarriers with 10%
nanosilica had the maximum SO42- removal
percentage of 65%. The results indicated that NM
absorption and EM reduction were the main reasons
for significant SO42- decrease in the first and third
stages and EM needed around 8 days for
environment adaption and growth28. Moreover,
10% of the nanosilica was deemed to be the most
suitable weight proportion for carrier structuring
and biofilm formation. Pseudo-first-order kinetic
reaction equations of 10%, 15% and 20% nanosilica
biocarrier treatments were acquired after linear
fitting of SO42- concentration data. The equations
were lnCt=-0.1t+1.04 (R2=0.92), lnCt=-0.09t+1.05
(R2=0.92) and lnCt=-0.088t+1.06 (R2=0.92),
respectively. Treatment of biocarrier with 10%
nanosilica had the largest reaction rate constant k1
of 0.1. The results demonstrated that 10%
nanosilica biocarrier had the preferable cell
immobilization capacity and the highest SO42removal velocity.

SO42removal
with
temperatures.
Biocarriers with 10% nanosilica and EMFB were
added into brackish water container with SO42initial concentration of 50 mg.L-1 for the SO42removal analysis at different temperatures. The
results were shown in Fig. 4. Generally, SO42removals by nanosilica bicarrier were larger than
those of EMFB. In addition, nanosilica bicarriers
and EMFB had the largest SO42- removal
percentage of 65% and 29%, respectively when
temperature was 25 Ԩ. It was indicated that the
growth of EM would be affected without
immobilization and their metabolisms could be
easily weaken under extreme temperatures. On one
hand, low temperature (5 Ԩ) would result in liquid
crystal formation inside the microbes which was
harmful to cell membrane; On the other hand,
synthesis and bioactivity of functional proteins and
enzymes inside the cell would be obstructed at high
temperature (40Ԩ)29. Moderate temperature (25Ԩ)
was appropriate for the metabolisms of EM30. The
possible mechanisms of (0¶s adaptability and iron
removals under extreme temperature conditions are
needed for further study of brackish water
desalination.

1634

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ





FIGURE 4
SO42- removal percentage were measured among biocarriers composed of nanosilica at weight ratio of
10%, 15% and 20%, respectively and EM fermentation broth (EMFB) under temperature of 5Ԩ
Ԩ㸪25Ԩ
and 40Ԩ, respectively.
amount was decreased when the SO42- initial
concentration was higher than 200 mg.L-1.

SO42- removal with different initial
concentrations. Influencing effects of SO42- initial
concentrations on its removal by 10% nanosilica
biocarriers were also discussed and the results were
shown in Fig. 5: the removal percentage of SO42displayed a decreasing trend (from 66.2% to 24%)
as the increase of SO42- initial concentration. On the
contrary, the removal amount of SO42- was
increasing as the increase of SO42- initial
concentration and had the largest removal amount
of 64.8 mg.L-1 when the SO42- initial concentration
was 200 mg.L-1. These results implied that
moderated SO42- initial concentration was beneficial
for its removal by nanosilica biocarriers31. It was
indicated that SO42- removal was based on both
physical absorption of NM and a series of reduction
reactions related to EM. However, the performance
of physical absorption would achieve saturation as
the increase of SO42- ZKLFKPDGH(0¶VPHWDEROLVP
a critical role for continuous SO42- reduction. EM
could first reduce SO42- to H2S and S2- and then
transform them to S0 and sulfide precipitates32.
Furthermore, H2S and S2- concentration was
simultaneously increased as the increase of SO42concentration. H2S and S2- of high concentration
could restrict the SO42- reduction as well as
bioactivity of EM33. Accordingly, SO42- removal

CONCLUSION
In this study, the addition of small proportion
of
nanosilica
efficiently
improved
EM
immobilization biomass and the immobilization
effects are better when compared to treatments
using activated carbon carriers. Under conditions of
certain pH, temperature and hydraulic retention
time, SO42- removal effect was closely related to
both nanosilica and immobilized EM. EM
metabolism and the largest SO42- removal of both
nanosilica biocarrier and EMFB were achieved at
25Ԩ. Additionally, immobilized EM showed
favorable adaptability and performance at extreme
temperature compared to dissociative ones.
Moreover, moderate temperature environment was
also beneficial for SO42- removal by nanosilica
biocarriers. In conclusion, the combination of
nanosilica carrier with EM immobilization had
great improvement on SO42- removal in brackish
water.
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FIGURE 5
SO42- removal percentage and amount were measured with SO42- initial concentrations of 50, 100, 150, 200
and 250 mg.L-1, respectively.
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prevalence of antimicrobial-resistant bacteria is
increasing in developed and developing countries.
The results of infection with antibiotic resistant
bacteria include increasing mortality rates, length of
treatment and cost of drug treatment [3-5]. All of
the transfer gene mechanisms, such as
transformation, conjugation and transduction,
require specific conditions, but they can occur in
natural habitats [6]. Antibiotic resistant bacteria are
generated
and
increased
by
inefficient
environmental hygiene, misuse of antibiotics and
transmission of free mobile genes from antibiotic
resistant bacterium [7]. The prevalence of
pathogenic or nonpathogenic antibiotic-resistant
bacteria in the environment can lead to increased
pathogenic antibiotic resistant bacteria [2].
Therefore, the scanning and monitoring of
antibiotic-resistant bacteria at environmental
student laboratories and on the surface of the hands
of students. The objective of this study was to
determine the relationship between antibioticresistant bacteria and the hands of students
sterilized with a commercial sterilizer that kills 99.9
% of microorganisms.

ABSTRACT
Many commercial waterless hand sanitizers
are available in local markets. These products often
state that they kill 99.9 % of microorganisms. The
objective of this study was to evaluate the efficacy
of a waterless hand sanitizer produced by the Dettol
Company that is frequently marketed in Saudi
Arabia. The goal was also to isolate hand sanitizer
resistant bacteria and study their susceptibility to
several of standard antibiotics. The standard
washing method was used to disinfect hands using
waterless hand sanitizer. Then, the microorganisms
were isolated from the hand surfaces. The pure
microbial isolates were identified by 16S rRNA
gene sequencing. In vitro susceptibility testing was
performed using bacitracin, chloramphenicol,
cotrimoxazole, gentamicin, neomycin, polymyxin
B, tetracycline and penicillin G. The results
indicated that 131 microbial isolates were obtained
from 90% of hands, whereas no microorganisms
were isolated from the remaining 10%. All of the
microbial isolates were Bacillus species according
to identification by 16S rRNA gene sequencing.
The percentage of B. thuringiensis, B.
methylotrophicus, B. subtilis and B. cereus isolates
were 41.9, 41.9, 12.2 and 3.8 %, respectively. All
of the isolates were resistant to bacitracin and
penicillin G. The present study indicates that the
waterless hand sanitizer produced by Dettol
Company does not remove all microbial
contamination from hand surfaces.

MATERIALS AND METHODS
Hand sanitizer. An instant hand sanitizer
(Dettol, Manufactured for Reckitt Benckiser Arabia
FZE, Dubai by Green Planet Industries L.L.C,
Dubai, U.A.E) was obtained from a local market in
Riyadh city, Saudi Arabia. The product information
states that the sanitizer kills 99.9 % of germs
without water, and its ingredients include alcohol
denat., Aua, PEG/PPG-17/6 copolymer, propylene
glycerol,
acrylates/C10-30
alkyl
acrylate
crosspolymer, tetrahydroxypropyl ethylenediamine,
partum and limonene.

KEY WORDS:
Sanitizers, Antibiotics, Bacillus, Gene, 16S rRNA

INTRODUCTION
Hand hygiene is a critical factor in the control
of health care-acquired infections [1]. Antibiotic
resistant bacteria are common in pathogenic and
non-pathogenic bacteria in numerous environments,
including hospitals and communities [2]. The

Disinfection of hands and isolation. One
hundred students from the College of Science, King
Saud University, volunteered for this study. Each
student used an instant hand sanitizer to sterilize
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new nutrient agar plates. The microscopic features
were studied using Gram staining and light
microscopy (Motik, China).

their hands before and after work in the laboratory.
To isolate the sanitizer resistant microorganisms
from their hands, each student aseptically washed
their hands with instant hand sanitizer according to
the standard washing standard. The standard
washing method included six steps as follows:
enough instant hand sanitizer was used to cover
both hands, the hands were rubbed together "palm
to palm", the back of each hand was rubbed with
the palm of the other hand, the sanitizer was spread
over and under the fingernails, the sanitizer was
spread between the fingers and the hands were
aseptically maintained until they were dry. Sterile
wet cotton swabs were used to isolate
microorganisms from all of the hand surfaces and
were cultured on nutrient agar (Winlab, U.K)
plates. After streaking on the surface of the
medium, incubation was aerobically performed at
37 °C for 28 hours. The colonies were purified
according to their macroscopic characteristics on

Identification by 16S rRNA analysis.
Template DNA was prepared from pure cultivated
bacteria. A pure colony isolated with a sterilized
toothpick was resuspended in 0.5 ml of sterile
saline in a 1.5-ml centrifuge tube. Next,
centrifugation at 10,000 rpm for 10 min was
performed. The supernatant was removed, and the
pellet was resuspended in 0.5 ml of InstaGene
Matrix (Bio-Rad, USA) and incubated at 56°C or
30 min and then heated 100°C for 10 min.
Polymerase chain reaction (PCR) was performed as
follows: 1 μl of template DNA was added to 20 μl
of a PCR reaction solution using the 27F/1492R
bacteria primers. The primer name, primer
sequences and their references as following:

TABLE 1
Primer Name

Primer sequences

References

27F

AgA gTT TgA TCM TGG CTC Ag

[8]

1492R

TAC ggY TAC CTT gTT ACg ACT T

[8]

518F

CCA gCA gCC gCg gTA ATA Cg

[9]

800R

TAC CAg ggT ATC TAA TCC

[9]

ZDV SUHSDUHG DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V
instructions. The medium consists of peptone (17.5
g/L), starch (1.5 g/L), meat infusion solid (2 g/L)
and agar (17 g/L). To prepare the medium, 21
grams of powder were added to 1 L of distilled
water, dissolved completely and sterilized in an
autoclave (Hiclave-Hg 80, Hirayama, Japan) at 121
qC for 15 minutes. The agar was then distributed
into Petri dishes. To prepare the inoculation, four to
five isolated colonies from an activated bacterial
culture (19-24 hours of incubation) were isolated
using a sterile inoculating loop and resuspended in
2-ml sterile saline (0.89% (w/v) sodium chloride
solution). The turbidity of the suspension was
adjusted to a 0.5 McFarland standard (0.5-ml of a
0.048 mol/litre BaCl2 was added to 99.5 ml of 0.18
mol/litre H2SO4) and used within 15 minutes of
preparation. A sterile swab was dipped into the
inoculum tube. Then, excess fluid was removed by
rotating the swab against the side of the tube using
firm pressure. The dried surface of a MuellerHinton agar plate was streaked with the swabs.
Then, the swabs were discarded into a container

The amplification program performed 35
amplification cycles at 94°C for 45 sec, 55°C for 60
sec, and 72°C for 60 sec. DNA fragments (~1400
bp) were amplified from the bacteria. A positive
control (Escherichia coli genomic DNA) and a
negative control were included in the PCR. To
purify the PCR products, unincorporated PCR
primers and dNTPs from the PCR products were
removed using a Montage PCR Clean up kit
(Millipore). The purified PCR products of
approximately 1,400 bp were sequenced using the
518F and 800R primers (Table 1). Sequencing was
performed using a Big Dye terminator cycle
sequencing kit (Applied BioSystems, USA).
Sequencing products were resolved on an Applied
Biosystems model 3730XL automated DNA
sequencing system (Applied BioSystems, USA).
Disc diffusion susceptibility test. The KirbyBauer disc diffusion susceptibility test protocol [10]
was followed to evaluate the resistance of bacterial
isolates against several standard antibiotics.
Mueller-Hinton agar (Scharlau Microbiogy, Spain)
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containing 70% ethanol. The plates were incubated
at room temperature for 5 minutes. Then, standard
antibiotic discs (Mastring-S, Mast group ltd,
Merseyside, U.K) were added to the surface of the
Mueller-Hinton agar plates within 15 minutes. The
standard antibiotic discs included bacitracin (10
units/disc),
chloramphenicol
(30
μg/disc),
cotrimoxazole (25 μg/disc), gentamicin (10
μg/disc), neomycin (30 μg/disc), polymyxin B (300
units/disc), tetracycline (30 μg/disc) and penicillin
G (10 unit/disc). After 18-24 hours of incubation,
the zones of inhibition (millimetre) were measured
edge to edge across the zone of inhibition over the
centre of the discs.

RESULTS AND DISCUSSION
One hundred student hands were sterilized
with the instant hand sanitizer (Dettol, U.E.A). A
total of 131 pure microbial colonies were isolated
from 90 hand surfaces on nutrient agar, whereas no
microorganisms were isolated from the remaining
hands. Therefore, the instant hand sanitizer (under
study) disinfected only 90 % of the hands. The
colony and microscopic characteristics showed that
all of the pure microbial isolates were grouped into
four bacterial groups. The 16S ribosomal
ribonucleic acid (rRNA) gene was analysed, and the
partial sequences indicated that all of the isolates
were of the Bacillus genus. A BLAST tree
produced by a BLAST pairwise alignment in
GenBank
(http://www.ncbi.nlm.nih.gov/blast/treeview)
confirmed that the pure isolates were B.
thuringiensis, B. subtilis, B. cereus and B.
methylotrophicus (Figure 1, 2, 3 and 4).

Statistical analysis. A completed random
design (CRD) was used in this experiment. The
results are expressed as the means ± standard error.
The mean of the inhibition zones (mm) was
analysed using Tukey-post-hoc test in the Statistical
Package for the Social Sciences (spss).

FIGURE 1
The BLAST tree of an unknown isolate (lcl]Query_21787). The similarity shows that the isolate is Bacillus
thuringiensis.
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FIGURE 2
The BLAST tree of an unknown isolate (lcl]Query_63707). The similarity shows that the isolate is Bacillus
subtilis.

FIGURE 3
The BLAST tree of an unknown isolate (lcl]Query_207139). The similarity shows that the isolate is
Bacillus cereus.
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FIGURE 4
The BLAST tree of an unknown isolate (lcl]Query_21787). The similarity show that the isolate is Bacillus
methylotrophicus.
Figure 5 indicates that over 80 % of the
isolates
were
B.
thuringiensis
and
B.

methylotrophicus, whereas B. subtilis and B. cereus
were 3.8 and 12.2 %, respectively.

FIGURE 5
The percentage of Bacillus species isolated from hands sterilized with an instant hand sanitizer. The total
count of isolates is 131.
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The disc diffusion susceptibility results in
table 2 showed that all of the Bacillus isolates were

resistant to bacitracin and penicillin G.

0

a

B.s

0

a

B.c

0a

B.t

17.5a
±5.7

0

19.2ab
±1.6
21.75b
±2.8

18.72a
±3.3

17.2a
±0.6

18b
±2.5

18.2a
±1.3

23.75b
±1.3

18.75a
±1.8

a

0

a

16.2a
±2.1

0

a

17.25a
±1.5

0a

19.09ab
23.63b
18.09a
17a
0.81a
B.m
0a
±4.6
±9.02
±4.2
±6.07
±2.6
B.t= B. thuringiensis, B.s =B. subtilis, B.c=B. cereus, B.m=B. methylotrophicus.
In the same column, the means with different letters are significant at P< 0.05.

Tetracycline
(30 μg/disk)

Polymyxin B
(300 units/disk)

Penicillin G
(10 unit/disk)

Neomycin
(30 μg/disk)

Gentamicin
(10 μg/disk)

Cotrimoxazole
(25 μg/disk)

Chloramphenicol
(30 μg/disc)

Bacitracin
(10 units/disc)

TABLE 2
The mean of the inhibition zones (mm) ± the standard deviation of several standard antibiotics against
Bacillus species isolated from hands sterilized with an instant hand sanitizer.

8.9a
±2.2

15.9a
±3.6

7.8a
±0.8

17.8a
±1.4

9.5a
±1.1

17a
±4.1

8.18a
±3.4

16.3a
±4.04

sanitizer product was evaluated. The data indicated
that the instant hand sanitizer completely removed
microorganisms from only 10 % of hands. All of
the instant hand sanitizer resistant bacteria isolated
from the hands were members of the genus
Bacillus. The present results were consistent with
previous studies that confirmed that Bacillus spores
are more resistant to chemical disinfectant agents
than Cryptosporidium, Mycobacterium, nonlipid
viruses, small viruses, fungi, vegetative bacteria,
lipid viruses and medium-size viruses [13]. The
genus Bacillus is widespread in several
environments and contains over 260 species.
Although many of these are commonly identified in
environmental laboratories, a few Bacillus species
cause infections in humans. B. anthracis and B.
cereus are two bacillus species that cause anthrax
and foodborne disease, respectively [14, 15]. The
identification of Bacillus species depends on a
microscopic appearance test, colonial appearance
study, biochemical tests and gene sequences
analysis. 16S rRNA gene sequencing is a rapid
identification method and is useful for phylogenetic
analysis [16]. 16S rRNA gene sequencing of pure
microbial isolates isolated from the hands of
students sterilized with instant hand sanitizer
indicated that all of the isolates were from the

The statistical analysis of the zone of
inhibition for chloramphenicol indicated that the
mean differences were significant between B.
thuringiensis and B. cereus, whereas the mean
differences were not significant between B.
thuringiensis, B. subtilis and B. methylotrophicus at
the 0.05 level. The data in table 2 show that B.
cereus is more susceptible to chloramphenicol than
other Bacillus isolates. In addition, B. thuringiensis
was resistant to cotrimoxazole, whereas other
isolates were susceptible. The mean differences
between B. thuringiensis and other Bacillus species
were significant at the 0.05 level. All of the
Bacillus isolates were susceptible to gentamicin,
neomycin and tetracycline, without any significant
differences (P<0.05).
This is first national, potential surveillance
study evaluating antimicrobial resistance isolated
from the hands of students in Saudi Arabia. Many
available commercial disinfectants state they kill
99.9% of microorganisms on the surface of the
hand. The hands have the most interaction with the
outside environment. Several environmental
surfaces that are often touched by hands may
contribute to transmission by contaminating the
hands of health-care workers [11, 12]. In this study,
the efficiency of one commercial instant hand
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genus
Bacillus
(B.
thuringiensis,
B.
methylotrophicus, B. subtilis and B. cereus). In this
study, 16S rRNA gene sequencing was used for
identification because it is more reproducible and
precise than phenotypic analysis [17]. All Bacillus
isolates showed resistance to penicillin G. This is
consistent with all of the previous studies that
reported that all Bacillus species are resistant to
penicillin, except B. anthracis, which was not
isolated in this study, as well as some B. subtilis
strains [15, 18]. The B. subtilis strain isolated in our
study was resistant to SHQLFLOOLQ * ȕ-lactamase
enzymes are responsible for penicillin resistance in
bacteria. Penicillin resistance can be derived from
the selection of resistant modifications in the
SUHVHQFH RI SHQLFLOOLQ ȕ-Lactamase genes are
detected in the wild-type genomes of Bacillus
species [19, 20]. The data showed that all Bacillus
isolates were resistant to bacitracin. Bacitracin is
produced by some Bacillus species, such as B.
licheniformis and B. subtilis [21, 22]. Bacitracin
resistant Bacillus spp. occurs from of two main
mechanisms, the bcrABC genes or an undecaprenol
kinase (BacA). The first mechanism pumps out
bacitracin, whereas an additional mechanism
provides C(55)-isoprenyl phosphate by de novo
synthesis [21, 23]. Notably, B. cereus was isolated
in this study and is an important causative agent of
food poisoning. B. cereus isolates were more than
12 % of the total isolates. B. cereus is not only
associated with food poisoning it is also a cause of
severe and potentially fatal infections in humans
[24]. These isolates or their spores remaining on the
surface of hands after sterilization using chemical
agents require re-evaluation of the ability of hand
sanitizers
to
remove
biological
hazards
environments and hands.
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into the subsurface environments via improper
disposal [1]. CAHs can accumulate gradually in the
environment and present a long-term threat to
human and ecosystem due to their toxicity,
carcinogenicity, and biological recalcitrance [2].
Nanoscale zerovalent iron (nZVI) has been
successfully applied for the treatment of wastewater
and groundwater contaminated with heavy metals,
nitrate, nitroaromatic compounds and, especially,
CAHs [3-8]. Moreover, introducing a second,
catalytic metal (eg. Ni, Ag, Pd) can further improve
nZVI capacity for dechlorinating CAHs by
producing the hydrogen atoms adsorbed on the
catalytic metal particle surface [9, 10]:

ABSTRACT
In the prior studies, Ni/Fe nanoparticles
exhibited the good removal capacities for removing
chlorinated aliphatic hydrocarbons (CAHs) in water.
This study was performed to investigate the effects
of reaction environments, such as bisolution of
other CAHs, ionic species and natural organic
matter (NOM), on the removal performance of
Ni/Fe nanoparticles (11% Ni) for CAHs. In the
bisolution of 1,1,1-TCA and TCE, the
concentration of both 1,1,1-TCA and TCE
decreased more slowly than in their single solution.
But the bisolution condition had a more negative
effect on removing 1,1,1-TCA, which had the better
dechlorination capacity on Ni/Fe nanoparticles. All
common anions (NO3-, Cl- and SO42-) and cations
(Ca2+, Mg2+ and Na+) inhibited the CAHs removal
processes. Among them, the nitrate reduced the
1,1,1-TCA removal most significantly due to the
direct competition for the reactive sites. The role of
NOM in the CAHs dechlorination process on Ni/Fe
nanoparticles was complex. The low concentration
RI 120  PJ/-1 humic acid) reduced the
removal efficiency of 1,1,1-TCA due to the
competition adsorption. But, as the higher
concentration of NOM  PJ/-1 humic acid)
was added, it will only have positive effects on the
CAHs removal by enhancing solubilization,
adsorption or catalytic reaction of CAHs.

Ͳ o ʹΪ ΪʹǦ
ΪʹǦ 
oʹ ȗ Ϊʹ
ʹ
Ϊ

ȗ

o Ǧ

(1)
Ǧ

(2)
(3)

Among these second catalytic metals, nickel is
attractive for its low price and relatively high
catalytic reactivity [9]. Though some literatures
have reported the effectiveness of dechlorination of
CAHs with Ni/Fe particles in pure water [9, 11], the
complexities of treating actual sites have been
neglected. The coexisting species, such as the other
kind of CAHs, ionic species, and natural organic
matter (NOM), would have the potentially adverse
impacts on the Ni/Fe particles capacity.
On the other hand, the different molecular
structure of CAHs, such as chloroalkane (eg.1,1,1TCA) and chloroalkene (eg. TCE), would result in
the different adsorption and reactivity on the
zerovalent metal surface. It has been observed that
the dechlorination process on zerovalent iron
surface is generally more rapid at saturated carbon
center of CAHs than unsaturated carbons [12].
However, to our knowledge, data are lacking on the
different influence of CAHs competition reaction,
coexisting ionic species and NOM on the
chloroalkane and chloroalkene removal by Ni/Fe
nanoparticles, respectively.
The main objectives of this study are to: 1)
investigate the removal mechanism of CAHs on the
Ni/Fi nanoparticles in the bisolution (chloroalkane
and chloroalkene); 2) compare the influence of

KEYWORDS:
nickel, zerovalent iron, nanoparticles, chlorinated
aliphatic hydrocarbons, ionic species, natural organic
matter

INTRODUCTION
Chlorinated aliphatic hydrocarbons (CAHs)
such as 1,1,1-trichloroethane (1,1,1-TCA) and
trichloroethylene (TCE) have frequently detected in
groundwater and soil contaminants. These solvents
are often used in electronics industry, mechanics
manufacture and metal processing, and released
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coexisting anions (NO3-, Cl- and SO42-) and cations
(Ca2+, Mg2+ and Na+) on CAHs by Ni/Fe
nanoparticles; and 3) explore the effect of NOM
(humic acid) of different concentrations on the
CAHs removal by the Ni/Fe nanoparticles.

Preparation of batch reactors. Ultra-pure
ZDWHU  0ȍFP  ZDV XVHG WR SUHSDUH WKH TCA and TCE solutions after purging by N2 for 30
min . All the batch experiments were conducted in
40 mL TFE-sealed glass bottles. To prepare
reactive nanoparticle materials, 1 g Ni/Fe
nanoparticles were added into 10 mL of water in
the anaerobic chamber. The CAHs solution was
added into the reactors suspension with no
headspace after sonicated for 1 h. A control reactor
without metal nanoparticles was used for each
experiment. All the above procedures were
conducted under anaerobic conditions. During the
batch experiments, series of reactors with the same
CAHs concentration and Ni/Fe nanoparticles
dosage were stored in an anaerobic chamber at a
constant temperature of 20qC and a home-made
rotary tumbler (5 r/min) was used to mix the
bimetallic particle-dosed solutions effectively. At
the predetermined time, the samples were taken out
from the jar to determine the CAHs concentrations.
All batch experiments were conducted in duplicate.

MATERIALS AND METHODS
Chemicals and Materials. 1,1,1-TCA and
TCE (Linfeng, Shanghai, China) were selected as
typical chloroalkane and chloroalkene, respectively.
The physicochemical properties of these CAHs
species are listed in Table 1. FeSO4+2O,
NiCl2+2O, NaBH4(s), polyethylene glycol
(PEG4000), CaSO4, MgSO4+2O, NaCl, NaNO3,
Na2SO4, ethanol, n-hexane, acetone, and sodium
humate were analytical grade. All solutions were
prepared using Milli-QTM water (resistivity>18.2
0ȍFP 

TABLE 1
Physicochemical properties of CAHs
species
1,1,1-TCA

TCE

Molecular formula

C2H3Cl3

C2HCl3

Molecular weight

133.4

131.4

Boiling point (qC)

74

87

Melting point (qC)

-30

-73

Relative density (20qC)

1.34

1.50

Solubility in water PJ/-1/20qC)

1000

1000

Analytical techniques. The concentrations of
1,1,1-TCA and TCE were measured by GC (GC
7890A, Agilent Technologies, USA) mounted with
an electron capture detector and a DB-VRB column
(60 m×0.250 mm×1.40 ȝP Agilent Technologies,
USA). The temperature of injector and detector was
240 and 300qC, respectively, and oven temperature
was isothermal at 120qC.
A TEM (JEM2100, JEOL, Japan) was applied
to investigate the shape and size of nanoparticles,
operating at 220 kV. A D/max-RB X-ray
Diffraction (XRD) diffractometer (Rigaku, Japan)
ZLWK D &X.D UDGLDWLRQ VRXUFH Ȝ c  ZDV
used for XRD analysis. The generator voltage was
40 kV and tube current was 200 mA. BrunauerEmmett-Teller (BET) surface area of Ni/Fe
nanoparticles were measured by an ASAP 2020
specific surface area and porosity analyzer
(Micromeritics Instrument Corp. USA). The
content of iron and nickel was detected by a Varian
710 inductively coupled plasma spectrophotometer
(ICP-AES, Varian Inc. USA). In each case, 0.05 g
of sample was digested in 4 mL chloroazotic acid
(3mL HNO3: 1 mL HCl), and 1 mL of the solution
was diluted 5000 times with deionized water before
ICP analysis. The detection limit of final solution
was PJ/-1 IRU)HDQGPJ/-1 for Ni.

Synthesis of Ni/Fe nanoparticles. Reductive
precipitation was applied to synthesis of the Ni/Fe
nanoparticles [9]. 31.4 g FeSO4+2O and some
NiCl2+2O were dissolved in 120 mL of pure
water without dissolved oxygen and 80 mL ethanol.
Then, the dispersant (2.5 g PEG4000) was added in
the solution before the solution was adjusted to pH
ZLWKPRO/-1 NaOH. 12.0 g NaBH4 was added
to reduce the Fe2+ and Ni2+ to zerovalent metal.
After stirred for 30 min, the resulting black
suspension was centrifuged for solid-liquid
separation. The Ni/Fe nanoparticles washed by
ultrapure water without dissolved oxygen three
times, once with ethanol and two times with
acetone before dried in the freezing desiccator
under vacuum for 12 h. All the above procedures
were conducted under nitrogen gas conditions. All
dried particles were stored in the anaerobic
chamber prior to use.

RESULTS AND DISCUSSION
Bisolution of TCA and TCE. In actual
contaminated groundwater field, several CAHs
usually are identified in the same water sample. To
evaluate the effectiveness of Ni/Fe bimetallic
particles for removing CAHs in the actual field,
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1,1,1-7&$ PJ/-1 DQG7&( PJ/-1) were
chosen as the typical CAHs and mixed in the
solution to react with Ni/Fe nanoparticles (11%Ni
content, BET surface area: 71.39 m2J-1). The
single 1,1,1-7&$ PJ/-1 DQG7&( PJ/-1)
solution were also produced to reacted with the
VDPH GRVH  J/-1) of Ni/Fe nanoparticles to
compare with the results of bisolution. As shown in
Fig. 1, Ni/Fe nanoparticles exhibited better capacity
for 1,1,1-TCA than TCE. But the concentration of
both 1,1,1-TCA and TCE decreased more slowly
than that in the single solution.

decreased in bisolution. The kSA of 1,1,1-TCA
decreased by 47.2% (from 0.250 to 0.132 /P-2K-1)
while the kSA of TCE reduced only 38.4% (from
0.026 to 0.016 /P-2K-1). The bisolution has the
more negative effect on the degradation of 1,1,1TCA than TCE. But, as a whole, both 1,1,1-TCA
and TCE dechlorination will be retarded in the
bisolution.

TABLE 2
The pseudo-first-order rate constants of CAHs
removal in bisolution
parameters

TCE
0.228
0.016

0.6

kobs(h-1)
kSA
/P-2K-1) a
R2

TCE
only
0.366

0.86

0.4

a: kSA is calculated with the BET specific surface area
(71.39 m2J-1).
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TCA
TCE only
TCA only
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FIGURE 1
Dehalogenation of 1,1,1-TCA and TCE in
bisolution
(1,1,1-TCA FRQFHQWUDWLRQ  PJ/-1; TCE
concentrationPJ/-1; 1,1,1-TCA concentration
LQ ELVROXWLRQ  PJ/-1; TCE concentration in
ELVROXWLRQ  PJ/-1; Ni/Fe nanoparticles dose in
all batch runsJ/-1)
The concentration profiles of the reduction of
1,1,1-TCA and TCE were well fitted by the pseudo
first order reaction rate model (Equation 4,5).

dC
= -K obs C
dt
K obs t=-ln(

 K SA Ua C

C
)
C0

0.026

0.132

0.250

0.85

0.92

0.87

The data of kobs and kSA also showed 1,1,1-TCA
reacted with Ni/Fe nanoparticles much faster than
TCE. Meanwhile, the byproduct detection also
found 1,1-dichloroethane during the 1,1,1-TCA
removal process but almost no byproduct can be
found during TCE removal. In the 1,1,1-7&$¶V
molecular structure, its chloride atoms are most
likely to contact with nickel surface due to its
particular molecular geometry (three Cl or H atoms
consist of tetrahedron on both carbon atom sides).
In Ni/Fe bimetallic nanoparticles, zerovalent iron
reacts with water to produce hydrogen atoms that
are adsorbed into the Ni lattice, then produce a
hydride-like species (H-) [13, 14]. The nucleophilic
attack of H- at Cl atom of 1,1,1-TCA would
produces a dichloroethyl carbanion, which would
desorbed into the solution immediately and
subsequently
eliminate
Clto
yield
chloromethylcarbene [13]. Thus, the reactive sites
on the Ni surface become available to adsorb and
dechlorinate new 1,1,1-TCA molecules. Therefore,
Ni/Fe nanoparticles exhibited much higher removal
capacities for 1,1,1-TCA probably due to such rapid
incomplete dechlorination mechanism. On the other
hand, there are C=C bonds in the molecular
structures of TCE, which adsorb strongly onto Ni
VXUIDFHV E\ FUHDWLQJ ʌ ERQGs. Therefore, C=C
intermediates such as cis-1, 2-DCE are
continuously adsorbed onto the Ni surface after
reacting with the H- species. And other TCE
molecules in solution cannot be adsorbed until
complete chlorination finished for the adsorbed one.
In the bisolution, more surface sites were occupied
by the TCE molecules due to its stronger
adsorbability than 1,1,1-TCA. Thus, competition

0.0
0

1.88

TCA
only
3.57

TCA

(4)
(5)

Where C, C0 is the concentration and initial
concentration of 1,1,1-TCA and TCE in aqueous
SKDVH PJ/-1); kobs is the observed pseudo-first
order rate constant (h-1  ȡa is the surface area
concentration of metal in solution (m2/-1) and kSA
is the surface area normalized reaction rate constant
/P-2K-1).
The calculated
pseudo-first-order rate
constants of 1,1,1-TCA and TCE removal in both
single solution and bisolution were shown in Table
2. The kobs and kSA of both TCE and 1,1,1-TCA also
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anions on the reduction of TCE by nZVI was
reported by Liu [15].

reaction would have more negative effect on 1,1,1TCA than TCE.
Effects of coexisting ionic species. Fig. 2
illustrated the effects of anion (NO3-, Cl- and SO42-)
and cations (Ca2+, Mg2+ and Na+) on the CAHs
removal efficiency by Ni/Fe nanoparticles.
Accordingly, the kinetic parameters of 1,1,1-TCA
and TCE removal process with coexisting ionic
species were shown in Table 3. Fig. 2 (a)
demonstrated WKDW  PPRO/-1 NO3- strongly
inhibited the 1,1,1-TCA reduction compared to the
other two anions (Cl- and SO42-). With NO3-, the kSA
decreased from 0.41 to 0.02 /P-2K-1. However,
nitrate had less negative effect on the TCE removal,
although it still inhibited the TCE degradation more
strongly than other two anions (Cl- and SO42-).
Inhibition of CAHs reduction in the presence of
nitrate is expected because inhibition of TCE
reduction by iron filling caused by NO3- is
documented [15]. One possible explanation for the
observed inhibition is competition between NO3and
CAHs
for
reactive
sites.

0.8

MgSO4

0.6

C/C0

CaSO4
Na2SO4

0.4

NaNO3
NaCl
TCA only

0.2

0.0
0

10

20

30
Time (min)

40

50

60

(a) 1,1,1-TCA
MgSO4

1.0

CaSO4
Na2SO4
NaNO3

0.9

NaCl
TCE only

0.8

(6)

C/C0

NO3- + 2 H* = NO -2 + H 2O

1.0

0.7

The anions Cl-, SO42- are assumed to be inert
with respect to reduction by Ni/Fe nanoparticles
and thus do not compete for electrons and atomic H.
However, the presence of any these two anion (2
PPRO/-1) decreased Ni/Fe particle reactivity with
both 1,1,1-TCA and TCE in increasing order of Cl< SO42- (Fig. 2 and Table 3). The order of the effect
is consistent with the affinity of anion complexation
to hydrous ferric oxide, based on their reported
stability constants [16], suggesting that the
inhibitory effect of these solutes on CAH reduction
may be attributed to passivation of reactive sites
from Fe-anion complexes formed on the iron
surface. The same order for the effect of dissolved

0.6

0.5
0

10

20

30
Time (min)

40

50

60

(b) TCE

FIGURE 2
Effect of ions on CAHs reduction by Ni/Fe
nanoparticles
(1,1,1-7&$ FRQFHQWUDWLRQ  PJ/-1; TCE concentration: 57
PJ/-1  1L)H SDUWLFOHV GRVH LQ DOO EDWFK UXQV  J/-1;
LRQVFRQFHQWUDWLRQRIDOOVSHFLHVPPRO/-1)

TABLE 3
Kinetic parameters of 1,1,1-TCA and TCE degradation reaction by Ni/Fe nanoparticles with
coexisting ions.
Compounds

Parameters

TCA

Kobs(h-1)
KSA
/P-2K-1) a
R2
Kobs(h-1)
KSA
/P-2K-1) a
R2

TCE

CAHs
only

Na2SO4

CaSO4

MgSO4

NaNO3

NaCl

5.91

3.96

3.19

3.23

0.31

5.88

0.41

0.28

0.22

0.23

0.02

0.41

0.76
0.69

0.86
0.62

0.83
0.23

0.84
0.34

0.78
0.33

0.76
0.68

0.05

0.04

0.02

0.02

0.02

0.05

0.93

0.98

0.94

0.90

0.80

0.92

a: kSA is calculated with the BET specific surface area (71.39 m2J-1).
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Calcium (Ca2+) and magnesium (Mg2+) are
important major cations present in the environment,
which competes with trace metal ions for the
binding sites of the active surface of metal oxide or
hydroxide colloids in soil and water [17]. Iron in
contact with air and aqueous solution is always
covered by a layer of surface oxides or hydroxides,
which have LPSRUWDQW LQÀXHQFHV RQ WKH UHGXFWLYH
removal of pollutants by Fe0 [18,19]. The
interaction of Ca2+, Mg2+ with iron oxides or
hydroxides may largely control the availability and
PRELOLW\RI PHWDO LRQVDQGLQÀXHQFHWKH SURSHUWLHV
of iron oxides or hydroxides [20-23]. The
concentration profiles in Fig. 2 and kSA in Table 3
both showed that these cations decreased the Ni/Fe
bimetallic particles reactivity with both CAHs in
increasing order of Na+<Mg2+§Ca2+. In the absence
of Ca2+ or Mg2+, CAHs combines with Fe(OH)ads by
hydrogen bond. While in the presence of Ca 2+ or
Mg2+, the hardness in solution would passivated
precipitates, such as CaCO3 and Mg(OH)2 [24],
which leads to the inhibition effect on CAHs
degradation by Ni/Fe particles.
It is also interesting that the negative effects of
different ionic species on 1,1,1-TCA and TCE
removal were quit different. For 1,1,1-TCA, nitrate
had the most significant impact on its removal
efficiency while other ionic species only exhibited
limited effects. However, for TCE, most all ionic
species inhibited the removal process effectively.
Nitrate was the only ionic species which directly
competed with CAHs for the reactive sites while
other ionic species only caused surface passivation
on the Ni/Fe nanoparticle surface. As mentioned
above, 1,1,1-TCA wase degraded by the rapid
incomplete dechlorination. However, TCE would
be adsorbed on the Ni/Fe nanoparticle surface until
complete dechlorination finished due to its better
adsorption capacity. Therefore, the direct
adsorption competition with nitrate for the reactive
sites exhibited more negative effects for 1,1,1-TCA
removal than TCE.

the removal capacity of the Ni/Fe bimetallic
particles. On the contrary, it made a slight
improvement on its removal efficiency of TCE.
When the concentration of humic acid increased to
 PJ/-1, more 1,1,1-TCA and TCE were
removed in the processes, compared to the lower
concentration (40 PJ/-1).

TCA only
-1
TCA humic acid (200 mg L )
-1
TCA humic acid (40 mg L )
TCE only
-1
TCE humic acid (200 mg L )
-1
TCE humic acid (40 mg L )

1.0

0.8

C/C0

0.6

0.4

0.2

0.0
0

10

20

30

40

50

60

Time (min)

FIGURE 3
Effect of humic acid on CAH reduction by Ni/Fe
nanoparticles
(1,1,1-7&$
FRQFHQWUDWLRQ 
PJ/-1;TCE
FRQFHQWUDWLRQ  PJ/-1; 11% Ni/Fe particles dose
LQDOOEDWFKUXQVJ/-1)

Tratnyek et al. pointed out a variety of ways
that the kinetics of contaminant transformation by
Fe0 might be influenced with the surfactants: (i)
solubilization of contaminants by partitioning to
micelles or other surfactant aggregates in the
solution phase, (ii) enhanced absorption of
contaminants by partitioning to the hydrophobic
layer formed by surfactants that adsorb to Fe0
particle surfaces, (iii) competition between
surfactants and contaminants for the Fe0 surface
VLWHVZKHUHUHDFWLRQRFFXUVDQG LY µµFDWDO\VLV¶¶Rf
contaminant reduction by redoxactive surfactants
that act as mediators of electron transfer at the
particle-water interface [26]. These effects might
occur independently or in combination, so it is
difficult to predict their net effect on contaminant
degradation kinetics. In all the four ways above,
only the third one (the competition for surface sites)
results in the negative effect on the removal
efficiency of contaminant.
Table 4 showed that the total negative effect
only occurred when 40 mg/L humic acid was added
during 1,1,1-TCA degradation. This phenomenon
implied that fierce competition happened between
1,1,1-TCA and humic acid for the reactive sites in
such situation. It is because the Ni/Fe nanoparticles
dehalogenate the 1,1,1-TCA much more quickly

Effects of NOM on CAHs dechlorination.
Environmental amphiphiles, such as natural organic
matter (NOM), are known to enhance the apparent
solubility of hydrophobic organic compounds
(HOCs) in the aqueous system. NOM is ubiquitous
in aqueous environments and can significantly
affect the fate and transport of the contaminants.
Also, humic substances, which include both humic
and fulvic components of NOM, are less known as
potential remediation agents [25], Humic acid was
chosen as the typical NOM to test its effect to the
CAHs reduction by Ni/Fe nanoparticles. As shown
in Fig. 3 and Table 4PJ/-1 humic acid clearly
had a negative effect on the 1,1,1-TCA removal.
Accordingly, the kSA decreased from 0.30 to 0.21.
%XWIRU7&(PJ/-1 humic acid did not reduce
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removal efficiency of some CAHs, especially
chloroethane, which is easy to be dehalogenated.
But, as the higher concentration of NOM is added
as remediation agents, it will have positive effects
on the CAHs removal with Ni/Fe nanoparticles.

than TCE, and more surface sites were available for
the competition. While the humic acid
FRQFHQWUDWLRQ URVH WR  PJ/-1, positive effects
(the other three ways mentioned above) played the
main role in the CAHs removal process. Therefore,
the low concentration of NOM may reduce the
.

TABLE 4
Kinetic parameters of 1,1,1-TCA and TCE degradation reaction by Ni/ Fe nanoparticles with NOM.
Compounds
TCA

TCE

Parameters
1K (h-1)
obs
KSA
/P-2K-1) a
R2
Kobs(h-1)
KSA
/P-2K-1) a
R2

CAHs only
4.24

HA(200mg/L)
8.20

HA(40mg/L)
2.99

0.30

0.58

0.21

0.66
0.51

0.95
1.31

0.96
0.90

0.04

0.09

0.06

0.60

0.86

0.88

a: kSA is calculated with the BET specific surface area (71.39 m2J-1).
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CONCLUSIONS
In this study, the Ni/Fe bimetallic
nanoparticles (11% Ni) were synthesized and used
in the batch experiments with different environment
conditions to reduce 1,1,1-TCA and TCE in water.
The Ni/Fe bimetallic nanoparticles effectively
removed 1,1,1-TCA and TCE in water and the
concentration
profiles
for
the
reductive
dechlorination of CAHs were well described by the
pseudo first order kinetic model. 1,1,1-TCA was
degraded much faster due to the rapid incomplete
dechlorination. With other CAHs in the solution,
the concentration of both 1,1,1-TCA and TCE
decreased more slowly but bisolution have more
negative effects on 1,1,1-TCA removal than TCE.
Common anions and cations would inhibit both the
1,1,1-TCA and TCE removal processes. Among
them, the nitrate would significantly inhibit the
1,1,1-TCA removal due to the direct competition
for the reactive sites. The low concentration of
120 PJ/-1 humic acid) reduced the removal
efficiency of 1,1,1-TCA. But, as the higher
concentration of NOM was added, it would have
positive effects on the CAHs removal.
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INFLUENCES OF HYDRAULIC INTENSITY AND
CONCENTRATION EFFECT ON COAGULATION REMOVAL
OF TITANIUM DIOXIDE NANOPARTICLES FROM WATER
Zhiyuan Liu1, Shuili Yu1* and Guicai Liu1
1

State Key Laboratory of Pollution Control and Resources Reuse, Tongji University, Shanghai, 200092, China

to their transport and fate in the water treatments
including coagulation [1-5]. For example, Liu N. et
al. reported that PACl performed better than alum in
the removal of carbon nanotubes (CNTs) [6]. Talia
E. Abbott Chalew et al. demonstrated that
coagulation resulted in 2±20%, 3±8%, and 48±99%
removal of TiO2 nanoparticles (TNPs), Ag and ZnO
nanoparticles (1 mg/L), respectively, in the five
experimental waters [7], which revealed the varying
removal property among the ENPs.
TNPs have been widely used in products, e.g.,
cosmetics, paints, coatings, catalysts [8-10]. The
transport of TNPs during coagulation is very
important for evaluating their environmental
toxicity. Wang H. T. et al. reported that the removal
of TNPs by coagulation was affected by ionic
strength, alkalinity, as well as the types and dosages
of coagulants [11]. Zhu M. et al. found that humic
acid can enhance the removal of TNPs due to the
bridging effect [12]. However, limited studies have
been performed to investigate the influence of
hydraulic intensity and concentration effect.
In this study, the influences of hydraulic
intensity and concentration effect on the
coagulation removal of TNPs were investigated
both in ultrapure water and three types of real
waters (i.e. the synthetic freshwater containing
humic acid (SF), a campus landscape water (CL)
and the surface water from east Taihu Lake (ET)).
PACl was used as the coagulant. Varying hydraulic
intensity was obtained via changing the stirring
speeds in the mixing and reacting stages.

ABSTRACT
The influence of the factors such as coagulant
types and water chemistry on the coagulation
removal of titanium dioxide nanoparticles (TNPs)
has been extensively studied. However, the effects
of TNPs concentration and hydraulic intensity are
still unconfirmed. In this study, the coagulation
removal efficiency of varying concentrations of
TNPs using different mixing intensity and reacting
intensity was investigated. Polymeric aluminum
(PACl) was adopted as the coagulant. It was found
that the coagulation removal performance became
poorer with decreasing the initial TNPs
concentration from 100 mg/L to 0.1 mg/L. Both the
stirring speeds in the mixing and reacting stages
showed great influence on the TNPs removal
performance. Moreover, the optimal stirring speeds
in both the mixing stage and the reacting stage
increased with lower TNPs concentration. The
coagulation removal of TNPs in three types of
waters, i.e. the synthetic freshwater containing
humic acid (SF), a campus landscape water (CL)
and the surface water from east Taihu Lake (ET),
was also evaluated after optimizing the mixing
intensity and the reacting intensity. It was found
that higher concentration of TNPs in the waters
resulted in better removal percentages (55.7-95.2%
for 0.1 mg/L TNPs and 82.5-99.8% for 100 mg/L
TNPs). The optimal stirring speeds in the mixing
and reacting stages revealed shifts with the
variation of TNPs concentration and water type.
Our findings suggest the significant influence of
hydraulic intensity and concentration on
coagulation removal of TNPs, and are expected to
shed light on the improvement of coagulation
removal of TNPs during water treatments.

MATERIALS AND METHODS
TiO2 nanoparticles. Commercially available
TNPs were purchased from Sigma Aldrich Co.,
USA. And 100 mg/L TNP suspension were
prepared according to the literature [13]. Briefly,
100 mg of TNPs were dispersed into 1 L ultrapure
water (the resistivity was greater than 18.3 0ȍFP
and sonicated for 1 h (25 °C, 250 W, 40 kHz).

KEYWORDS:
Concentration; Hydraulic intensity; Titanium dioxide
nanoparticles; Coagulation; TOC; Turbidity

INTRODUCTION

PACl. PACl was purchased from Huabei
Chemical Technology Co. (Guangzhou, China).
Their alumina content was 27%, basicity 40%, and
water-insoluble matter 1.5%, positive. In the

As one of the emerging contaminants,
engineer nanoparticle (ENP) has obtained attentions
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literature [14]. Briefly, proper amount of HA was
dissolved in 0.1 mol/L NaOH, with the final
solution pH adjusted back to near neutral using 0.1
mol/L HCl. Then the HA solution was dissolved
into ultrapure water to achieve the total organic
carbon (TOC) concentration of 5.6 mg/L. CL was
collected from the largest artificial lake in Tongji
University (Shanghai, China) in January, 2015. ET
was collected from the east Taihu Lake (Wujiang,
China) in January, 2015 as well. Both CL and ET
were immediately transported to our lab at 4 °C
after collection, and filtered through 5 ȝm
membrane to remove the branches or floating
impurities. Then proper amounts of TNPs
suspensions were injected into the waters to achieve
the TNPs concentrations of 0.1, 30 and 100 mg/L.
In the experiment, we firstly optimized PACl
dosage and the stirring speeds in the mixing and
reacting stages to achieve the highest removal of
TNPs in these waters containing TNPs. The
coagulation experiment was operated following the
same procedures for investigating the influence of
hydraulic conditions and concentration.

coagulation experiments, PACl was dissolved into
ultrapure water to achieve the concentration of 2%
for coagulant dosage. Zeta potentials of the PACl
solution were determined above 22.5 mV against
pH from 3-10, using the Zetasizer Nano ZS
(Malvern Instruments, UK) (Fig. S1).
Jar test. The coagulation experiments were
conducted in the six-joint blender system (JJ-4,
Youlian Inc. China). The coagulation process
included four steps: Dosing coagulant, mixing stage
(1 min), reaction stage (15 min) and settling (30
min). After the settling step, TNPs concentrations in
the supernatant layer (i.e. top 2 cm) were measured.
The TNPs removal percentages were calculated
from the ratios of the Ti content after and before
coagulation. Each test was performed in triplicate.
The mean value and its standard deviation were
used to analyze the result.
To investigate the influence of hydraulic
conditions and concentration on the coagulation
removal of TNPs, 0.1, 1, 10, 30 and 100 mg/L
TNPs were prepared in the ultrapure water. Then
the size and the stability of these suspensions were
characterized. To study the stability of TNPs
suspensions, the freshly prepared suspensions were
firstly injected in stoppered glass vials (100 mL)
and monitored the TNPs concentrations in the top
layers (2 cm) after 2, 4, 6, 12, 24 and 36 h. The
C/C0 of TNPs in the top layers was used to
represent the suspension stability. Then we
investigated the TNPs coagulation removal
percentage responding to varying PACl dosage and
different stirring speeds in the mixing and reacting
stages. The tested PACl dosage included 0, 10, 20,
30, 40 and 50 mg/L. And 100, 200, 300, 400, 500
and 600 rpm was adopted as the tested stirring
speed in mixing stage, whereas, 10, 50, 100, 170,
200 and 300 rpm was used as the stirring speed in
reacting stage. In the experiment examining the
effect of concentration, the initial stirring speeds in
the mixing and reacting stages was adjusted to 300
rpm and 170 rpm, respectively. After the mixing
stage, zeta potentials of the mixtures were measured.
In the experiment examining the effect of hydraulic
intensity in the mixing stage, the stirring speed in
the reacting stage was fixed at 170 rpm, and when
examining the effect of the hydraulic intensity in
the reacting stage, the stirring speed in the mixing
stage was fixed at 300 rpm.
To evaluate the coagulation removal
performance of TNPs in real scenes, three waters
(i.e. SF, CL and ET) was used. SF was synthetized
by the humic acid (HA) purchased from Sigma
Aldrich, and prepared according to the previous

Analytical methods. To quantify TNPs
concentration, the microwave acid digestion using
50% volume mixed acid solution (HF: HNO3 =2:8)
followed by Inductively Coupled Plasma (ICP)
analysis (Agilent 720ES, Darmstadt, Germany) was
used. Turbidity was measured by (YT66-2100AN,
HACH, USA). Chloride, sulfate, fluoride, nitrate
were measured by ion chromatography (ICS1000,
DIONEX, America). TOC was measured using a
Shimadzu TOC instrument (V-CPN, Shimadzu
Scientific Instruments, Japan). The pH value was
measured using an Oakton pH meter (Ion 510 series,
Fisher Scientific). Zeta potential and hydrodynamic
size were analyzed using a Zetasizer Nano ZS
(Malvern Instruments, UK), which based on
dynamic light scattering to determine particle size.
Transmission Electron Microscopy (TEM) analysis
of TNPs were performed using the following
method. Briefly, One drop of 100 mg/L TNP
suspensions was placed on a 400 mesh formvar
coated grid and dried in a laminar flow hood. A
JEM-1230 (JEOL Ltd., Tokyo, Japan) transmission
electron microscope operated at 100 kV was used to
obtain TEM images.
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FIGURE 1
TEM analysis of TNPs in ultrapure water based on the 50 nm scale (a) and the 20 nm scale (b).

RESULTS AND DISCUSSIONS
surface area was measured to be 124.2 m2 g-1 via a
Micromeritics Tristar 3000 analyzer using the
Brunauer-Emmett-Teller method [15]. The isoelectric
point of TNPs was about 6.0 calculated by a cubical
polynomial fitting of the TNPs zeta potential data
(Fig. 2).
The TNPs stability and their hydrodynamic sizes
were showed in Fig. 3. With the increase of TNPs
concentrations from 0.1 mg/L to 100 mg/L, the C/C0
of the TNPs suspensions was significantly reduced,
indicating the decreased TNPs stability. Additionally,
the size of TNPs increased with the higher TNPs
concentrations, which indicated that greater TNPs
concentration result in the stronger aggregation of
TNPs. The size of TNPs suspensions rapidly
increased within the first 12 h, and reached a relative
steady state after 12 h (from 12 h to 24 h). When the
steady state was achieved, the sizes of TNPs in 0.1
mg/L, 1 mg/L, 10 mg/L, 30 mg/L and 100 mg/L
TNPs suspensions were about 175 nm, 225 nm, 400
nm, 600 nm and 1000 nm, respectively. The greater
collision probability in the higher concentrations of
TNPs may be the main reason [16].

Characterization of TNPs. Transmission
electron microscope images (Fig. 1) showed the
elliptical or spherical shapes of TNPs. Their primary
particle size ranged from 20 to 80 nm. Their specific

FIGURE 2
Shift of the zeta potential and the particle mobility
of TNPs against pH

FIGURE 3
Stability and hydraulic sizes of varying concentrations of TNPs in ultrapure water
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FIGURE 4
Changes in the removal percentages (a) and zeta potentials (b) of varying concentrations of TNPs against
PACl dosage.

the charge neutralization after the contact of PACl
with TNPs. When excess PACl was injected into the
TNPs suspension, PACl could result in the charge
stability and inhibited the removal perfermance. The
better removal performance in the higher TNPs
suspensions may be caused by the bigger sizes of
their initial aggregates, which resulted in the better
settling property in the following setting stage.

Effect of initial TNPs concentration on the
coagulation removal of TNPs. As shown in Fig. 4a,
when the PACl dosage increased from 0 to 50 mg/L,
the TNPs removal percentage changed from 25% to
80% for 0.1 mg/L TNPs suspension, from 40% to
97% for 100 mg/L TNPs suspension, indicating the
better removal performance with the increasing of
TNPs concentration. The highest removal percentage
was obtained using 10 mg/L PACl for all the tested
TNPs suspensions. Further adding of PACl could not
improve the TNPs removal any more. The zeta
potential of both 0.1 mg/L and 100 mg/L TNPs
suspensions sharply increased from about -25 mV to
32 mV as the PACl dosage increased from 0 to 50
mg/L (Fig. 4b). The variation in the TNPs
concentration showed no observable effect on the
zeta potential of TNPs. The zeta potential of TNPs
achieved the lowest value with 10 mg/L PACl, which
was favorable for the aggregation of TNPs owing to
the weak electrostatic repulsion. As shown in Fig. S1,
the zeta potential of PACl was positive when pH
changed from 3 to 10, which is opposite to the charge
of TNPs distributed in the ultrapure water (about -15
mV). Thus, the main removal mechanism should be

Effect of hydraulic conditions on the
coagulation removal of TNPs. Both the stirring
speeds in the mixing and reacting stages showed
considerable influence on the TNPs removal
performance (Fig. 5). When the mixing speed
changed from 100 rpm to 600 rpm, the TNPs removal
percentages shifted from 71% to 81% for 0.1 mg/L
TNPs suspension, from 90% to 97% for 100 mg/L
TNPs suspension. The optimal mixing speed for 0.1
mg/L, 1 mg/L, 10 mg/L, 30 mg/L and 100 mg/L
TNPs suspensions were about 400 rpm, 400 rpm, 300
rpm, 300 rpm and 200 rpm, respectively. The result
showed a decreasing trend of the optimal mixing
intensity with the increasing of TNPs concentration.

FIGURE 5
Changes in the removal percentages of TNPs with varying stirring speeds in the mixing stage (a) and the
reacting stage (b).
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TABLE 1
Optimal coagulation conditions and TNPs removal percentages in SF, CL and ET

PACl dosage/mg/L
Mixing speed/rpm
Reacting speed/rpm
Highest removal percentages/%

ϰϬ
ϱϬϬ
ϭϬ
ϵϱ͘Ϯ

SF
40
400
10
97.3

ϰϬ
ϯϬϬ
ϭϬ
ϵϵ͘ϴ

30
400
170
55.7

CL
20
300
100
66.4

ϮϬ
ϮϬϬ
ϭϬϬ
ϴϮ͘ϱ

ϰϬ
ϯϬϬ
ϮϬϬ
ϳϬ͘ϲ

ET
40
200
200
80.3

ϰϬ
ϮϬϬ
ϭϬϬ
ϴϲ͘Ϯ

³/´³0´DQG³+´UHSUHVHQWPJ/PJ/DQGPJ/ TNPs, respectively.

As we all known, the mixing stage aims to disperse
the PACl and promote the combination of PACl and
the contaminants in the coagulation process. The
lower concentration of TNPs suspension may need
more energy to achieve the combination of PACl and
TNPs due to their higher dispersion.
Additionally, both lower and higher stirring
speed in the reaction stage resulted in pooer removal
performance. The stir in the reaction stage was to
cement the still microscopic coagulated particles into
larger flocs. The lower stirring speed may not provide
enough energy to cement the micoscopic particles,
while the higer stirring speed, i.e. the stronger
hydrodynamic shear force, may break the generated
flocs and limit the produced floc size. Similarly, Ma
S. et al. found that the stirring speed in the reacting
stage affected floc formation and thereby had a
greater impact on the removal rate of CNTs [14]. Liu
et al. also demonstrated that both coagulant dosage
and hydraulic intensity played a key role in the
formation of flocs and significantly affected the
removal performance of CNTs in coagulation, apart
from the medium pH [6].
Coagulation removal of TNPs in SF, CL and
ET. When TNPs find their way into the aqueous
environment, the influence of hydraulic intensity and
concentration effect on their removal may reveal
varying performance. Thus, we also performed the
coagulation experiments in the following three waters,
i.e. SF, CL and ET. The characteristics of the three
tested waters were considerably different (Table S1).
Among this, ET had the highest turbidity. However,
the difference of the organic matters concentration,
i.e. TOC, in CL and ET was not as huge as that of
turbidity. These results indicated that there were more
inorganic particles or insoluble organic matters
contained in ET than CL, which distributed in the
water as SS and detected as turbidity. SF possessed
the lowest turbidity and TOC among the three waters.
The pH values of the three tested waters increased
with the order of CL, ET and SF. However, all of
these values were not far away from the isoelectric
point of TNPs. Thus, the pH of the tested waters may
be not result in distinct zeta potentials of TNPs. As to
ionic strength, ET had the highest values than that of
CL and SF. The highest inorganic matters in ET may
be the reasons for the highest ionic strength due to the
1658

possible dissolving balance between the inorganic
particles and the dissolved ionic. The conductivity
revealed a similar trend to ionic strength. Higher
ionic strength could compresses the double electrode
layer of TNPs and reduce their stability. Additionally,
some kind of ion, such as sulfate and chloride, was
also able to play a role in the formation of flocs when
coagulation [17, 18].
As shown in Table 1, the optimal coagulant
dosages for the three tested waters were significant
higher than that performed in the ultrapure water.
Among this, CL needed lower PACl dosage
comparing to SF and ET. Previous literatures had
reported that hydrolytic aluminum species would
preferentially react with the free natural organic
matters (NOM), and indicated that NOM was one of
the main drivers for coagulant demands [19, 20].Thus,
the lowest TOC in CL may be the main reason.
Additionally, CL with 0.1 mg/L TNPs demanded the
higher PACl dosage (30 mg/L) than that with 30 and
100 mg/L TNPs (20 mg/L). As mentioned above, the
lower concentration of TNPs had a smaller size of
aggregation and showed a higher dispersibility, which
may need more PACl to catch them. Similar results
had been demonstrated in the coagulation removal of
SiO2 nanoparticles, in which decreasing size of SiO2
nanoparticles from 50 nm to 12 nm resulted in the
higher dosage of PACl [21].
The optimal mixing speed significantly
increased in SF, CL and ET with lower TNPs
concentration. In addition, the optimal reacting
speeds for CL and ET also revealed increasing trend
when the TNPs concentration shifted from 100 mg/L
to 0.1 mg/L, which coincided with the phenomenon
observed in the ultrapure water. These results
confirmed the conclusion that lower TNPs
concentration calling for higer hydraulic intensity,
emphasizing the importance of hydraulic intensity in
the coagulation removal of TNPs. However, it is
should noted that both the optimal stirring speeds in
the mixing and reacting stages for SF, CL and ET
varied greatly. The varying components contained in
SF, CL and ET may be the main reason for those
differences. These results also indicated that the
optimal hydraulic intensity for TNPs removal would
change in varying waters. Similar literatures reported
the influence of water characterics such as pH, sulfate
ion, bacteria, humic acid and alginate on the
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aggregation and transport of nanoparticles in the
aquatic environment [22-29], which will inevitably
result in the varying demands for hydraulic intensity
during coagulation.
The highest TNPs removal percentage was
observed in SF. The TNPs removal percentage
increased from 95.2% to 99.8% in SF when
improving the TNPs concentration from 0.1 mg/L to
100 mg/L. The poorest TNPs removal performance
occurred in CL. When increasing TNPs concentration,
the TNPs removal percentage rose from 55.7% to
82.5%.

CONCLUSIONS
Our study investigated the influence of
hydraulic intensity and concentration on coagulation
removal of TNPs, and pointed out that higher
concentration of TNPs resulted in their stronger
aggregation and better coagulation removal
performance. Both mixing intensity and reacting
intensity had great influence on TNPs removal, and
lower concentration of TNPs called for the greater
hydraulic intensity both in ultrapure water and the
three tested waters. The removal percentages of 0.1
mg/L, 30 mg/L and 100 mg/L TNPs in the three
waters ranged from 55.7% to 99.8% after optimizing
the hydraulic intensity. Our findings are helpful to
improve coagulation removal of TNPs during water
treatments.
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COMBINED EFFECTS OF PYRIPROXYFEN AND Bacillus
thuringiensis ON ANTIOXIDANT ACTIVITY OF
HEMOLYMPH, MIDGUT AND FAT BODY OF Galleria
mellonella LARVAE
Benay Sezer Tuncsoy, Pinar Ozalp
Çukurova University, Faculty of Science and Letters, Department of Biology 01330, Balcali, Adana/ Turkey

generation of insect populations resistant to cry
toxins. The increasing resistance in the insects can
be due to the increasing metabolic capability of
detoxification systems and/or reducing xenobiotic
target site sensitivity [3].
Insect growth regulators (IGRs) are produced
naturally by insects to regulate the processes of
molting and development from the egg to the adult
stage [4]. Pyriproxyfen is a pyridine-based juvenile
hormone analogue that competes for juvenile
hormone binding site receptors in insects,
mimicking the action of juvenile hormone and thus
maintaining an immature state [5]. This compound
has a relatively low toxicity for mammals. Uses of
pyriproxyfen cause severe morphological disorders
[6-7] and many physiological and biochemical
changes in metabolic pathway caused by this
compound [8-9]. In our previous study, we showed
that the solitary use of pyriproxyfen caused necrotic
results in hemocytes of G. mellonella [10].
Resistance and cross-resistance problems are
increasing and new products have to meet the rising
standards of environmental and toxicological safety
[11]. Insecticides were used in mixture due to the
limitation of new type of insecticides to prevent the
progress of resistance. Some insecticides that used
in mixture have synergism effects and this causes
the decline of expenditure. The use of the low doses
of this insecticides benefits differently ecologically,
biologically and economically.
The aim of this study is to find the possible
changes in the biochemical compounds of
hemolymph, fat body and midgut and their
correlation with each other when pyriproxyfen and
B. thuringiensis were applied singly and mixture.
Pyriproxyfen act only on target species and effect
immune system with its usage together with B.
thuringiensis should give rapid and reliable results
in controlling G. mellonella. Also, it is expected
that by the use of Bt products with pyriproxyfen
will be useful for controlling the pests in a short
time. Understanding of this biochemical effects
may definitely help to prove a physiological and
safe procedure to control the population of G.
mellonella larvae in the hives.

ABSTRACT
Insect growth regulators and microbial
insecticides are mostly used in pest management
since they are nontoxic to other organisms and have
short half-life in the environment. Effects of
juvenile hormone analogue pyriproxyfen and
Bacillus thuringiensis on antioxidant enzyme
(catalase (CAT), superoxide dismutase (SOD) and
glutathione peroxidase (GPx) activities of
hemolymph, midgut and fat body of Galleria
mellonella larvae was investigated. Larvae were
exposed to LD50 values of pyriproxyfen and B.
thuringiensis (LD of B. thuringiensis: 359 mg/L;
50

LD

50

of pyriproxyfen: 2385 mg/L), then enzyme

activities were measured spectrophotometrically
after 72 hours from treatment. When LD 50 value of
pyriproxyfen and B. thuringiensis were applied to
G. mellonella larvae singly and in mixture, the
activities of SOD, CAT and GPx were significantly
increased in hemolymph and fat body of G.
mellonella larvae, whereas the enzyme activities
were significantly decreased in midgut of larvae
compared with the control group. As a result of this
study, we observed that pyriproxyfen and B.
thuringiensis effect the antioxidant defence system
of G. mellonella larvae even if at low doses. If this
kind of insecticides were applied at sublethal doses,
economical, biological and ecological benefits were
achieved as well.
KEYWORDS:
Antioxidant enzymes, Fat Body, Galleria mellonella,
Hemolymph, Midgut

INTRODUCTION
B. thuringiensis (Bt) is a naturally occurring
spore-forming, soil bacteria and different
preparations containing Bt are widely used as a
microbial pesticide in agriculture [1]. Its bio
preparations act by disintegrating intestinal
membranes. Bt has been effectively used in control
programs against lepidopteran larvae in Europe and
North America [2]. One of the major concerns
regarding the use of B. thuringiensis is the
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centrifuged at 500 × g for 15 min (+4 ƕ&  DQG
supernatants recentrifuged at 12,000 × g for 45 min
ƕ& Fat body tissues were centrifugated at 50 W,
40-50 s. with ultrasonic homogeniser (Bandelin
Sonoplus. HD 2070, Berlin, Germany).
Cytosolic fraction volumes were measured
reserving a 100 μl aliquot of each sample for total
protein quantification and purified applying
Sephadex® G-25 gel columns to remove low
molecular weight proteins [13]. The samples for
biochemical assays were frozen ± 80 °C until use.

MATERIALS AND METHODS
Insects. G. mellonella larvae were reared at
30±1 °C, 65±5 % RH on a diet composed of bran,
honey, glycerol, honeycomb and distilled water
[12]. The continuity of the stock culture was
supplied by mating the female and male adult
insects and hatching the eggs.
Chemicals. Juvenile hormone analogue (10%
EC), Pyriproxyfen (Admiral) was tested in the
present study. Its chemical formula is (2-[1-methyl2-(4-phenoxyphenoxy) ethoxy] pyridine). A
larvicide based on B. thuringiensis var. kurstaki
(Delfin WG, consisting of 32,000 IU mg-1 spores)
was used for the bio tests.

Antioxidant enzymes. Antioxidant enzymatic
activities were measured in the haemolymph, fat
body and midgut cytosolic fraction of ten larvae
from control groups and exposed to LD50 of
pyriproxyfen and B. thuringiensis singly and
mixture. To determine SOD activity, the reduction
of cytochrome c by the system xanthine oxidase/
hypoxanthine was measured at 550 nm [14]. CAT
activity was determined by the decrease in
absorbance at 240 nm due to H2O2 consumption,
with a molar extinction coefficient of 40 M-1 cm-1
[15]. GPx activity was measured through NADPH
oxidation in the presence of excess glutathione
reductase, reduced glutathione and hydroperoxide
as substrate, at 340 nm [16].

Biochemical Assays. The lethal effects of
various concentrations of B. thuringiensis and
pyriproxyfen were determined. These data were
used for probit analysis of the lethal activity of
these insecticides to fifth instar larvae of G.
mellonella. Eight groups of larvae were exposed to
B. thuringiensis and pyriproxyfen in the following
concentrations: control, 1500, 1750, 2000, 2400,
2800, 3000 and 3500 μg/mL. After the treatment,
number of dead larvae were calculated and LD50
values were determined using SPSS 21.00, Probit
Analysis programme.
Fifth instar larvae were reared for 72 hours on
honeycomb with LD
concentrations of B.

Total protein concentration. Total protein
content was determined in the cytosolic fraction of
haemolymph, fat body and midgut of unexposed
and pyriproxyfen and B. thuringiensis exposed
larvae of G. mellonella according to Bradford
method [17] using bovine serum albumin as a
standard.

50

thuringiensis

and

Pyriproxyfen (LD

thuringiensis: 359 μg/mL; LD

50

50

of B.

of pyriproxyfen:

2385 μg/mL). After 72 hours, hemolymph, midgut
and fat body were dissected from larvae into a
chilled Eppendorf tubes with cold homogenization
buffer (20 mM Tris buffer pH 7.6; 1 mM of
EDTA+ 0.5 M of saccharose + 0.15 M of KCl + 1
mM of DTT). A few crystals of phenylthiourea
(PTU) were added to each sample to prevent
melanisation.
Resulting
homogenates
were

Statistical Analysis. The statistical analyses
of the data were carried out by a series of Analysis
of Variance and Student-1HZPDQ .HXO¶V 61. 
test using SPSS 21.00 pocket program. The
differences between the means were considered
significant at the 0.05 probability level.

TABLE 1
Toxicity results of the pyriproxyfen bioassay on G. mellonella larvae.
Points of Lethal
Concentration
LD 10.00
LD 15.00
LD 20.00
LD 30.00
LD 40.00
LD 50.00
LD 80.00
LD 90.00
LD 95.00
LD 99.00

Concentration
(μg/ml)
1044
1223
1386
1701
2026
2385
4104
5450
6888
10688

1662

% 95 Confidences
limits (μg/ml)
142-1506
243-1665
371-1809
728-2098
1247-2476
1845-3228
3098-17045
3713-44502
4287-98868
5583-166257
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TABLE 2
Toxicity results of the B. thuringiensis bioassay on G. mellonella larvae.
Points of Lethal
Concentration
LD 10.00
LD 15.00
LD 20.00
LD 30.00
LD 40.00
LD 50.00
LD 80.00
LD 90.00
LD 95.00
LD 99.00

Concentration
(μg/ml)
14
26
43
95
189
359
2997
9090
12719
22667

% 95 Confidences
limits (μg/ml)
0,002-84
0,018-132
0,096-197
1,341-424
10-1037
45-3460
633-6246
1452-12347
2696-27567
8025-83912

antioxidant enzymes of fifth instar larvae of G.
mellonella was investigated and the results are
given in Table 2.
Significant increases in SOD, CAT and GPx
activities were observed in hemolymph of larvae
exposed to LD50 values of pyriproxyfen, B.
thuringiensis and mixture (1:1) for 72h compared
with the control group (p<0,05) (Figure 1).
Significantly increases in CAT activity was
observed when pyriproxyfen and B. thuringiensis
applied singly (58,82 % and 9%, respectively); in
SOD activity (8,65% and 8,69, respectively); in
GPx activity (39,5 % and 49,17 %, respectively)
compared with the mixture group (p<0,05) (Figure
1).

RESULTS
In the present study, eight concentrations of
pyriproxyfen and B. thuringiensis were applied to
G. mellonella larvae. The mortality of G. mellonella
larvae increased depending on the dose of
Pyriproxyfen and B. thuringiensis. The data were
obtained from the toxicity tests was calculated
using SPSS 21.00, Probit Analysis Method. The
LD50 value pf pyriproxyfen and B. thuringiensis for
the fifth instar of G. mellonella larvae were found
to be 2385 and 359 μg/ml, respectively. 95 %
confidence limits were between 1845-3228 and 45546 μg/ml, respectively Table 1).
The effects of pyriproxyfen, B. thuringiensis
and mixture of LD50 values of these insecticides on

FIGURE 1
SOD, CAT and GPx activity of hemolypmh of G. mellonella in control and LD50
of pyriproxyfen and B. thuringiensis singly and in mixture. (mean ± Std). SNK;
Lower letters represent statistical differences for each treatments of exposure
(p<0.05).

1663

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ








FIGURE 2
SOD, CAT and GPx activity of fat body of G. mellonella in control and LD50
of pyriproxyfen and B. thuringiensis singly and in mixture. SNK; Lower
letters represent statistical differences for each treatments of exposure
(p<0.05).

Siginificantly decreases in SOD, CAT and
GPx activities were observed in midgut of larvae
exposed to LD50 value of pyriproxyfen, B.
thuringiensis and mixture (1:1) for 72h compared
with the control group (p<0,05) (Figure 3).
Significantly increases were observed in CAT
activity of midgut of G. mellonella larvae when
pyriproxyfen and B. thuringiensis applied alone
according to the mixture group (24 % and 33.6 %,
respectively).

Significant increases in SOD and CAT
activities were observed in fat body of larvae
exposed to LD50 value of pyriproxyfen, B.
thuringiensis and mixture (1:1) for 72h compared
with the control group (p<0,05) (Figure 2). CAT
activity in the fat body exhibited an increasing trend
(49 %) when pyriproxyfen applied according to the
mixture group, however a substantial decrease (5,1
%) was marked when B. thuringiensis applied.
Significant decreases was determined in SOD
activity when pyriproxyfen and B. thuringiensis
were applied singly compared with the mixture
group (11,6 % and 11,7 %), respectively) (p<0,05)
(Figure 2).

FIGURE 3
SOD, CAT and GPx activity of midgut of G. mellonella in control and LD50 of
pyriproxyfen and B. thuringiensis singly and in mixture. SNK; Lower letters
represent statistical differences for each treatments of exposure (p<0.05).
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SOD
activity
was
increased
when
pyriproxyfen and B. thuringiensis applied alone to
larvae according to the mixture group (5 % and
15.7 %, respectively). Significantly increases were
observed in GPx activity when pyriproxyfen and B.
thuringiensis applied according to the mixture
group (66 % and 31.7 %).

SOD from lysed gut cells to the hemolymph.
Otherwise, CAT showed the lowest activity in
hemolymph. The activity of GPx showed different
mode of changes in case of tested tissues, it has the
highest activity in fat body of G. mellonella larvae
at all concentrations and mixture.
As a result of this study, we observed that
pyriproxyfen and B. thuringiensis effect the
antioxidant defence system of G. mellonella larvae
even if at low doses. Moreover, due to the changes
in tissues, the changes can effect the other organs
DQG SURFHVVHV ZKLFK DUHQ¶W GLUHFWO\ H[SRVHG WR
LD50 of pyriproxyfen and B. thuringiensis and their
mixtures.

DISCUSSION
The idea of adding sublethal dosages of
chemical insecticides in order to improve their
efficacy was raised by Kovacevic [18] and was later
discussed by Benz [19]. If the combinations of
insecticides at sublethal dosages are used different
benefits are expected: ecological, for lower dosage
means less population; biological, the combinations
could slow up resistance development and the joint
action of the insecticides used could result in a
synergistic effect; economical, lower cost per
treatment [20].
When LD50 value of pyriproxyfen and B.
thuringiensis were applied to G. mellonella larvae
singly and in mixture, the activities of SOD, CAT
and GPx were significantly increased in
hemolymph and fat body of G. mellonella larvae,
whereas the enzyme activities were significantly
decreased in midgut of larvae compared with the
control group (Figure 1-3). The high levels of H2O2
inhibit SOD through the formation of excess
hydroxyl radicals while the CAT enzyme can be
inactivated by the high levels of O2- [21-22]. GPx
catalyses the glutathione-dependent reduction of
lipid hydroperoxides and hydrogen peroxide for
detoxification [23]. The activity of these enzymes
was lowered in midgut tissue of larvae indicating
that the detoxification mechanism was unable to
match with stress produced by pyriproxyfen and B.
thuringiensis [24]. Intracellular antioxidant
enzymes, such as CAT and SOD eliminate ROS,
thereby playing an integral role in oxidative stress
defences of the cell [23] [25]. Although low levels
of ROS are essential for normal physiological
signal of transduction pathways that regulate
complex processes in cells [26], accumulation of
ROS can damage biological macromolecules such
as nucleic acids, proteins, and lipids, leading to cell
damage, mutation, and even death [27].
Tissues and organs differ in their response to
the stress, their abilities to detoxify xenobiotic, as
well as the time of the exposure [28]. Therefore, in
this study, SOD showed the highest activity in
hemolymph of G. mellonella larvae at LD50 of
pyriproxyfen and B. thuringiensis and mixture after
72 hours. A slightly increased SOD activity in the
hemolymph of larvae exposed to LD50 of
pyriproxyfen and B. thuringiensis singly and
mixtures can be due to the release of intercellular
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ADVANCED OXIDATION OF LANDFILL LEACHATE BY
ELECTRO-FENTON PROCESS USING BOX-BEHNKEN
STATISTICAL EXPERIMENT DESIGN
Ebru Cokay
Department of Environmental Engineering, Dokuz Eylul University, Buca, Izmir, Turkey

inorganic macro-components, heavy metals and
xenobiotic organic compounds [5]. If landfill
leachate are not collected carefully and not
discharged safely, these pollutants threats soil,
surface water and groundwater. Therefore, landfill
leachate needs treatment to reduce the
environmental risk of organic and high toxic
pollutants to an acceptable level prior to discharge
into water networks [6].
It has been reported that biological processes
are effective in treating young leachates [7-8] but
are relatively ineffective for the treatment of old
leachates due to the presence of bio-refractory
compounds [9-10].
However, advanced oxidation processes
(AOPs) can achieve a considerable high efficiency
on the removal of organic compounds from
leachates compared to other physiochemical
technologies (coagulation, activated carbon
adsorption, filtration, and/or other separation
processes) which only bring phase transfer of the
contaminants in question and do not involve any
chemical destruction [11].
In advanced oxidation processes (AOPs), free
K\GUR[\O UDGLFDO 2+  LV XVHG DV D VWURQJ R[LGDQW
to treat high-strength wastewaters. The aim of using
Fenton Oxidation (FO) is to produce hydroxyl
radicals by following reaction between H2O2 and Fe
(II) ions. Hydroxyl radical is one of the most
reactive free radical and can easily degrade organic
materials [12-15]:

ABSTRACT
In this study, advanced oxidation of landfill
leachate by electro-Fenton process was investigated
by batch experiments. Effects of operating
parameters namely the concentrations of H2O2, pH
and DC current values on treatment of landfill
leachate were investigated by using Box-Behnken
statistical experiment design and the surface
response analysis. In this content, treatment of
landfill leachate by electro-Fenton oxidation was
evaluated by determining total organic carbon
(TOC), chemical oxidation demand (COD) and
color removals. Electro-Fenton method can
effectively remove organic compounds from
landfill leachate. Removal of organic matters in
landfill leachate increased with increasing H2O2
concentration up to a certain level. COD and TOC
removals were more profoundly affected by pH and
DC current values while color removal was mainly
affected by pH and hydrogen peroxide doses. Thus
the optimal H2O2/pH/DC current resulting in the
maximum COD (96%), TOC (50%) and color
(80%) removal efficiencies was found to be
2000/3/3 (mgL-1).
KEYWORDS:
landfill leachate, electro-Fenton, Box-Behnken

INTRODUCTION

Fe2++H2O2 ĺ)H3++OHí2+N PRO/ísí (1)
Continuous population growth and industrial
development has caused an increase in waste
generation. Land filling is the preferred option for
the disposal and management of municipal solid
wastes [1]. Leachate is defined as a contaminated
liquid that has seeped through solid waste in a
landfill, containing extracted, dissolved, or
suspended materials in the process [2].The
characteristics of leachate depend on differen t
factors, including processed waste, depth of
landfilling, waste compaction, co-disposal with
specific wastes, landfill age, site hydrology and
cover design [3-4].
The landfill leachate contains four major basic
groups of pollutants: dissolved organic matter,

The electro-Fenton oxidation (EF) method
used in this study where Fe (II) ions are
electrochemically produced from sacrificial cast
iron anodes and can also regenerate by the
following reactions which propagate efficiency of
the method:
H2O2+Fe3+ĺ)H2++HO2 + H+ (2)
Fe3++HO2 ĺ)H2++H++O2 (3)
Fe3++eíĺ)H2+ (4)
Chemical reactions taken place in EF reactor
are extremely complex and control of these are very
difficult. Therefore, the determination of optimum
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RSM. The experimental runs were designed in
accordance with BBD.

operating conditions has a great importance for
increasing efficiency of the EF method. For that
reason, Box-Behnken statistical experiment design
(BBD) was applied to treatment of landfill leachate
with electro-Fenton oxidation.
According to Zhang et al. [16], electro-Fenton
method can be generally divided into four
categories as application of Fenton reagent¶s
externally to electrochemical reactor or its in situ
generations. In the first category, ferrous ion is
externally applied, and hydrogen peroxide is
concurrently generated on the surface of a cathode
such as graphite [17], stainless steel plate [18]. In
the second category, hydrogen peroxide is
externally applied while a sacrificial iron anode is
used as ferrous ion source [19]. In the third
category, hydrogen peroxide is externally applied
and ferrous ion is electrochemically generated via
the reduction of ferric ion or ferric hydroxide
sludge [20]. In the fourth category, both ferrous ion
and hydrogen peroxide are electro-generated at
sacrificial anode and cathodes [21].
When all these electro-Fenton applications are
evaluated in terms of cost, simplicity of operation
and effectiveness, it can be said that each one has
advantages and disadvantages to each other. The
most important disadvantage in E-Fenton
application is the high electrical energy demand,
which causes high operational costs. Optimization
of the other reaction conditions, such as operational
pH, H2O2, Fe2+ dose, current density and reaction
time are very important for the minimization of the
cost.
The classical optimization technique of
changing one variable at a time for studying the
effects of variables on the response is time
consuming and expensive, particularly for
multivariable systems, and it does not represent the
effect of interactions between different factors.
Statistical design of experiments is a useful
technique for obtaining valuable and statistically
significant models of a phenomenon by performing
a minimum number of experiments. It also
considers interactions among the variables and can
be used to optimize the operational parameters in
multivariable
systems.
Response
surface
methodology (RSM) is used for the modeling and
analysis of problems in which a response of interest
is influenced by several variables, with the
objective of optimizing this response. However,
there was little report on the electrochemical
oxidation of raw leachate or biologically/physicochemically pretreated leachate using RSM or other
statistical experiment design approach [22-26].
The aim of this research was to determine the
optimal conditions (pH, DC current values and
H2O2 dose) for removal of COD, TOC and color
from landfill leachate by electro-Fenton through

DESIGN OF EXPERIMENTS
Statistical design of experiments reduces the
number of experiments to be performed, considers
interactions among the variables and can be used
for optimization of the operational parameters in
multivariable
systems.
Response
surface
methodology is used only when several significant
factors are involved in optimization. The main idea
of RSM which is an efficient statistical technique
for optimization of multiple variables with
minimum number of experiments, is to use a set of
designed experiments to obtain an optimal response
[27-28]. Different types of RSM designs include
three-level factorial design, central composite
design (CCD) [29], Box-Behnken [30] and Doptimal designs [31]. A modified central composite
experimental design known as the Box-Behnken
design is an independent, rotatable quadratic design
with no embedded factorial or fractional factorial
points where the variable combinations are at
midpoints of the edges of variable space and at the
center. Among all the RSM designs, Box-Behnken
design requires fewer runs than the others (e.g., 15
runs for a three-parameter experimental design). A
three-factor, three-level design would require a total
of 30 runs with 3 repetitions for the central point. In
statistical experiment designs, the ratio of the
number of experiments to the number of
coefficients in the quadratic model should be
reasonable. In most of the experiment designs this
ratio is within the range of 1.5-2.6 and is 1.67 for
the Box-Behnken experiment design (BBD) with
three variables. A comparison between the BBD
and other response surface like central composite,
Doehlert matrix and three-level full factorial design
has demonstrated that the BBD and Doehlert matrix
are slightly more efficient than the central
composite design, but much more efficient than the
three-level full factorial designs [32]. By means of
careful design and analysis of experiments, BoxBehnken design allows calculations of the response
function at intermediate levels and enables
estimation of the system performance at any
experimental point within the range studied [33].
MATERIALS AND METHODS
Landfill leachate characteristics and
sampling. The leachate was taken IURPWKH.XúDWDN
landfill area, Izmir, Turkey. Approximately 100 L
of leachate was collected manually in plastic
containers. The samples were immediately
transported to the laboratory, characterized and
cooled at 4oC to minimize biological and chemical
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2005). Composition of the leachate is summarized
in below given Table 1.

TABLE 1
Composition of the landfill leachate.
Parameter

Unit

Concentration

COD

mg/L

28920

TOC

mg/L

839

pH

8.2

Suspended solids

mg/L

345

Conductivity

mS/cm

8.55

Temperature

Û&

23.3

ORP (Oxi-Reduc. Pot.)

mV

326

Total Nitrogen

mg/L

532

Total Phosphorus

mg/L

1588

experiments were carried out at room temperature
ƕ& XVLQJGLIIHUHQW+2O2 doses at different pH
values. The initial pH of leachate was adjusted to
the desired values using 10M H2SO4 or 10M NaOH
solutions. The leachate was mixed at 200 rpm with
a magnetic stirrer to provide homogeneity during
the experiments. For each run, a predefined amount
of hydrogen peroxide (30%) (1000-4000 mg l-1)
were added to activate the E-Fenton reactions then
E-Fenton experiments were started under a constant
DC current. Direct current (DC) power supply (TTT-ECHNI-C MCH-305T, China) was used to
provide the desired current (0.1-3 A). The DC
power source was turned off at the end of the
reaction. Box-Behnken statistical experiment
design and the RSM [35] were used to investigate
the effects of the three independent variables on the
response functions and to determine the optimal
conditions maximizing the percent color, COD and
TOC removals.

Reactor configuration. Figure 1 depicts a
schematic diagram of the laboratory-scale
electrochemical reactor used in the experimental
studies. All electro-oxidation experiments were
performed in a completely mixed, rectangular
reactor made of PVC with a total volume of 6 L
operated in batch-mode. The reactor was placed on
a magnetic stirrer. The reactor was surrounded with
a water-cooling jacket to remove the heat and
maintain a constant temperature. In the electroFenton reactor, three pairs of stainless steel anode
and cathode electrodes (7.5cm×7.5cm×0.25cm)
were positioned approximately 2.5 cm apart from
each other. They were immersed inside the reactor
fulfilled with leachate and connected to the DC
power supply by wires.
Experimental procedure. In electro-Fenton
(E-Fenton) experiments, leachate samples (about
5.5L) collected from landfill area were placed to an
electrolytic cell in the E-Fenton reactor. E-Fenton

TABLE 2
The levels of variables in Box-Behnken statistical experiment design.
Variable

Symbol

pH
Hydrogen Peroxide dose H2O2, (mg/L)
DC Current, (A)

X1
X2
X3

1669

Low
-1
3
100
0.1

Coded variable level
Center
0
7
2050
1.55

High
+1
11
4000
3
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FIGURE 1
Shematic diagram of E-Fenton reactor.

TABLE 3
The experimental conditions of the Box-Behnken experiment design.
Run No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

X1

X2
(H2O2 mg/L)
4000
4000
4000
2050
2050
100
100
2050
2050
100
4000
100
2050
2050
2050

(pH)
7
11
3
3
11
7
3
11
3
7
7
11
7
7
7

X3
(DC Current, A)
0.1
1.55
1.55
0.1
3
3
1.55
0.1
3
0.1
3
1.55
1.55
1.55
1.55

immediately to avoid further reaction. These
samples were centrifuged at 8000 rpm for 15 min
prior to color, COD and TOC measurements. COD
analyses were done according to the Standard
Methods using the closed reflux method [31]. A
Shimadzu TOC Analyzer was used to determine the
total organic carbon (TOC) content of the samples.
Samples were analyzed in triplicates and the
standard deviations were less than 3% of the
average. A spectrophotometer of NovaspecII
(Pharmacia Biotech.) was used to measure the
absorbance at 410 nm which was the wavelength
for the maximum absorbance of leachate. pH levels
and ORP were also determined for every sample.
pH and oxidation reduction potential (ORP)
measurements were done by using pH and ORP
meters with the relevant probes (WTW Scientific,

The
optimization
procedure
involves
analyzing the response of the statistically designed
combinations, estimating the coefficients by fitting
the experimental data to the response functions,
predicting the response of the fitted model and
checking the adequacy of the model. The
independent variables were the dose of pH (X1),
hydrogen peroxide (X2), and DC current (X3). The
low, center and high levels of each variable are
designated as -1, 0 and +1, respectively, as shown
in Table 2. The dependent variables (or objective
functions) were the percentage of COD (Y1), TOC
(Y2) and color (Y3) removals.
Analytical methods. Leachate samples
withdrawn for water quality measurements of the
reactor at certain time intervals were analyzed
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(X) which can be approximated by a quadratic
polynomial equation as follows [36]:

Germany). Before the measurements or adjustment,
the pH meter was calibrated using standard buffers
(pH 4.0, 7.0, and 10.0) at room temperature.
Conductivities of landfill leachate were determined
using Hach & Lange conductmeter (Model 5825800, Germany).
The applied DC current (A) were monitored
during the course of experiments. The current
intensities (mA) varied during the course of
H[SHULPHQWV GXH WR FKDQJHV LQ WKH V\VWHP¶V
resistance as a result of corrosion on the electrodes
and changes in the leachate composition. Current
intensities were recorded by the power supply unit
and were also measured by using a multimeter (TTTECHNIC-MY64, China) connected to the
system in series.

Y=b0+b1X1+b2X2+b3X3+b12X1X2+b13X1X3+b23X2X3
+ b11X12+b22X22+b33X32
(1)
This model contains one block (bo), three
linear (Xi), three quadratic (Xi2), and three
interaction (XiXj) terms. The coefficients of the
response functions for different response functions
were determined by correlating the experimental
data with response functions using a Stat-Ease
regression program. Response functions with
determined coefficients are presented in Eqs. (2) to
(4) which were used to predict the COD, TOC and
color removals. Comparison of the experimental
data with the model predictions are presented in
Table 4 for every experiment of the Box-Behnken
design. The goodness of the fit was tested by using
the ANOVA (Analysis of variance) test for every
response function. The ANOVA test for percentile
of COD, TOC and color removals are presented in
Tables 5, 6 and 7.

RESULTS AND DISCUSSION
The regression model. The application of
RSM offers an empirical relationship between the
response function (Y) and independent variables

TABLE 4
Comparison of the experimental data with the model predictions for removal efficiencies.

Run No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Y1
COD
27.47
28.38
57.57
14.75
16.55
57.53
56.63
35.15
95.35
9.23
41.17
27.43
62.00
62.00
62.00

Predicted percent removals (%)
Y2
TOC
0
5.43
14.35
9.91
12.19
23.86
29.58
18.44
49.56
2.01
8.99
9.65
39.00
39.00
39.00

Y3
Color
42.53
49.79
93.19
76.49
41.61
16.57
58.71
44.29
77.71
22.10
46.60
33.81
36.30
36.30
36.30

1671

Y1
COD
30.00
27.00
55.00
14.80
16.50
55.00
58.00
34.00
96.50
7.80
42.60
30.00
62.00
62.00
62.00

Observed percent removals (%)
Y2
TOC
1.30
5.00
12.40
8.00
14.10
20.00
30.00
15.00
53.00
3.50
7.50
11.60
39.00
39.00
39.00

Y3
Color
44.10
52.50
90.00
78.10
40.00
15.00
56.00
40.00
82.00
23.20
45.50
37.00
36.30
36.30
36.30
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TABLE 5
ANOVA test for the response function Y1 (%COD removal).
Source
Model
X1(pH)
X2 (H2O2)
X3 (DC Current)
X1X2
X1X3
X2X3
X12
X22
X32
Residual
Lack of fit
Pure error
Total (corr)

Sum of squares
7828.95
1705.28
1.81
1922.00
0.000
2460.16
299.29
153.61
628.81
841.88
36.50
36.50
0.000
7865.46

Df
9
1
1
1
1
1
1
1
1
1
5
3
2
14

Mean Square
869.88
1705.28
1.81
1922.00
0.000
2460.16
299.29
153.61
628.81
841.88
7.30
12.17
0.000

F ratio
119.15
233.57
0.25
263.25
0.000
336.96
40.99
21.04
86.13
115.31

P value
< 0.0001
< 0.0001
0.6401
< 0.0001
1.0000
< 0.0001
0.0014
0.0059
0.0002
0.0001

TABLE 6
ANOVA test for the response function Y2 (%TOC removal).
Source
Model
X1(pH)
X2 (H2O2)
X3 (DC Current)
X1X2
X1X3
X2X3
X12
X22
X32
Residual
Lack of fit
Pure error
Total

Sum of squares
3533.97
416.16
189.15
557.78
30.25
526.70
26.52
88.65
1382.48
494.70
73.18
73.18
0.000
3607.15

Df
9
1
1
1
1
1
1
1
1
1
5
3
2
14

Mean Square
392.66
416.16
189.15
557.78
30.25
526.70
26.52
88.65
1382.48
494.70
14.64
24.39
0.000

F ratio
26.83
28.44
12.92
38.11
2.07
35.99
1.81
6.06
94.46
33.80

P value
0.0010
0.0031
0.0156
0.0016
0.2100
0.0018
0.2361
0.0571
0.0002
0.0021

TABLE 7
ANOVA test for the response function Y3 (%Color removal).
Source
Model
X1(pH)
X2 (H2O2)
X3 (DC Current)
X1X2
X1X3
X2X3
X12
X22
X32
Residual
Lack of fit
Pure error
Total

Sum of squares
6207.09
2332.45
1272.60
1.05
85.56
3.80
23.04
2368.08
27.92
9.45
84.38
84.38
0.000
6291.48

Df
9
1
1
1
1
1
1
1
1
1
5
3
2
14
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Mean Square
689.68
2332.45
1272.60
1.05
85.56
3.80
23.04
2368.08
27.92
9.45
16.88
28.13
0.000

F ratio
40.87
138.21
75.41
0.062
5.07
0.23
1.37
140.32
1.65
0.56

P value
0.0004
< 0.0001
0.0003
0.8128
0.0741
0.6550
0.2953
< 0.0001
0.2547
0.4879
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DC current values applied to wastewater in order to
initiate electro-Fenton reaction. As shown in Figure
2, H2O2 concentrations above 2000 mg l-1 resulted
in decreases in hydrogen peroxide served as a
free-radical scavenger for itself reducing the
hydroxyl radical concentration. The accepted
explanation is the scaYHQJLQJRI+2E\+2O2 and
consequent formation of the less reactive radical
HO2DVSUHVHQWHGE\WKHIROORZLQJHTXDWLRQV
(1)
OHx + H2O2 o H2O + HO2Ɣ
OHx + HO2Ɣo H2O + O2
(2)
In the E-)HQWRQ SURFHVV WKH 2+ IRUPDWLRQ
rate is controlled by applied DC current during
electrolysis. Applied DC current is the driving force
for reduction of oxygen leading to generation of
hydrogen peroxide at the cathode. Higher applied
current increases the quantum of hydrogen peroxide
produced, and also increases the number of
hydroxyl radicals in the electrolyte medium, which
are highly reactive and responsible for the
degradation [37]. An increase of the current density
improves the removal efficiencies up to an
optimum value. Figure 2 depicts variations of
percent COD removal with H2O2 concentration at
different DC current values. Percent COD removal
steadily increased with increasing initial DC current
value when H2O2 concentration was 1500 mg l-1.
High DC current value was sufficient for the
treatment of leachate with electro-Fenton oxidation.
Some studies indicated that electro-Fenton process
should be no larger than 10 A/m2, while others
indicated that the upper limit value should be 6.4
A/m2 [38]. At constant pH of 3, H2O2 dose of 1500
mg l-1 and variable DC current values of 0.1, 1.5
and 3 A, percent COD removals were 11, 67.5 and
96.6%, respectively. Initial pH value was the most
important parameter affecting the percentage of
COD removal by the electro-Fenton oxidation.
Removal efficiencies obtained at low pH values
were higher than those obtained at high pH values
due to higher generation of hydroxyl radicals in low
pH values. Percent COD removal decrased with
increasing pH value at all DC current values.
Because, high pH values during electro-Fenton
process leads to electro-coagulation whereby
pollutants are removed by electrostatic attraction
and/or complexation of reactions due the
conversion of Fe2+ and Fe3+ to Fe(OH)n type
structures [39].
For the treatment of leachate with electroFenton oxidation using Box-Behnken method,
optimal H2O2/pH/DC current yielding the highest
COD removal (96.7%) was 1500/3/3 after 60
minutes reaction time. The ANOVA analysis
indicated that pH and DC current values and
independent variable interactions (X1, X3, X1X3,
X2X3, X12, X22, X32) have played important roles for
COD removal as summarized in Table 5.

With respect to the coefficients in Eqs. (2) and
(4), pH value has a more profound effect on
removal efficiencies as compared to peroxide dose
and ampere value. The analysis of variance
(ANOVA) tests were also conducted for each
response and presented in Tables 5, 6 and 7
indicating the fact that the predictability of the
model is at 95% confidence level. Response
function predictions were in good agreement with
the experimental data (R2>0.99). The variables for
which the computed F-values were much greater
than that of the tabulated F0.01(14,14)-value of
3.70 had significant effect on the response function.
The F-test in the ANOVA analysis is used for
comparing model variance with residual (error)
variance. If the variances are almost the same, the
ratio will be nearly one indicating that it is less
likely any of the factors have a significant effect on
the response. If the Prob > F-value is very small
(less than 0.05) then lack of fit is significant. Pvalues in the test indicate probability of seeing the
observed F-value if the null hypothesis is true.
Small probability values call for rejection of the
null hypothesis.
The response function for percent COD
removal (Y1) has the following form;
Y1 = 7.06265 + 8.62134X1 + 0.019056X2 +
69.15610X3 - 4.77520E-18X1X2 - 4.27586X1X3 3.05924E-3X2X3 - 0.40313X12 - 3.43195E-6X22 7.18193X3
(1)
(R2= 0.9954)
The response function for percent TOC
removal (Y2) has the following form;
Y2 = - 21.1111 + 4.82821X1 + 0.017314X2 +
38.54218X3 + 3.52564E-4X1X2 - 1.97845X1X3 9.10698E-4X2X3 - 0.30625X12 - 5.08876E-6X22 5.50535X32
(R2= 0.9797) (2)
The response function for percent color
removal (Y3) has the following form;
Y3 = 118.364 - 24.952X1 + 0.012268X2 +
1.54577X3 - 5.929449E-4X1X2 + 0.16810X1X3 +
8.48806E-4X2X3 + 1.58281X12 - 7.23208E-7X22 0.76100X32 (R2=0.9866)
(3)
The response function coefficients indicated
that all the variables had effects where the pH value
had the most profound effect on removal
efficiencies.
Chemical
Oxygen
Demand
(COD)
Removal. In
the treatment of leachate with
electro-Fenton oxidation using Box-Behnken
Method, chemical oxygen demand (COD) removal
increased with H2O2 concentrations up to 2000 mg
l-1 and then decreased with increasing H2O2 for all
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FIGURE 2
Variations of percent COD removal with H 2O2 concentration at different DC current and pH values.

optimum conditions was reported by Atmaca [41].
Orkun et. all, was found that optimum hydrogen
peroxide concentration was 5000 mg l-1 and yield
66% of COD removal efficiency for treatment of
leachate wastewater [42].

Initial pH value was the most important
parameter affecting the percentage of COD removal
by the electro-Fenton oxidation. Removal
efficiencies obtained at low pH values were higher
than those obtained at high pH values due to higher
generation of hydroxyl radicals in low pH values.
Percent COD removal decrased with increasing pH
value at all DC current values. Only a few works on
leachate treatment by E-Fenton are reported. Altin
[40] reported more than 90% color removal
efficiency by E-Fenton process. 72% COD and
90% color removal from landfill leachate under

Total organic carbon (TOC) removal. As
shown in Figure 3, TOC removal increased with
H2O2 concentrations up to 1500 mg l-1 and then
decreased with increasing H2O2 for all DC current
values indicating adverse effects of high H2O2
concentrations, mentioned in COD removal part.
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current values. Initial pH value was affecting the
percentage of TOC removal by the electro-Fenton
oxidation. Removal efficiencies obtained at low pH
values were higher than those obtained at high pH
values due to higher production of hydroxyl
radicals in low pH values. This mechanism was
also observed in COD removal.

Complete mineralization of leachate was not
achieved after 60 minutes of oxidation although
nearly 100% COD removal was obtained with
electro-Fenton oxidation after 60 minutes reaction
time. Only 50% TOC removal efficiency was
obtained while completely COD removal efficiency
was achieved.
Figure 3 depicts variations of percent TOC
removal with H2O2 concentration at different DC

FIGURE 3
Variations of percent TOC removal with H2O2 concentration at different DC current and pH values.
concentration was 1500 mg l-1 indicating the fact
that high DC current value was sufficient for the

Percent TOC removal steadily increased with
increasing initial DC current value when H2O2
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changing DC current value from 1.5 to 3 A, COD
removal efficiency was ascended as %40. So, DC
current value was selected according to aim of
treatment and conditions.
At low DC current value of 0.1 the optimal
H2O2/pH/ DC current yielding the highest TOC
removal (10%) was 1500/3/0.1, while at a high DC
current value of 3, this ratio was 1500/3/3 yielding
50% TOC removal. The ANOVA analysis
indicated that pH, H2O2 dose, DC current value and
independent variable interactions (X1, X2, X3, X1X3,
X22, X32) were significant and played important
roles for TOC removal as summarized in Table 6.

treatment of leachate with electro-Fenton oxidation.
When pH value 3, percent COD removals were 10,
40 and 50%, respectively, at ampere value of 0.1,
1.5 and 3 when hydrogen peroxide was 1500 mg l1. When DC current value which is the most
important parameter was increased from 1.5 A to 3
A, only 10% TOC removal efficiency was achieved
and the speed of TOC removal decreases.
Increasing of DC current value was not useful or
effective alternative way to treatment of leachate
wastewater due to high electricity consumption.
Thinking of electricity consumption, effective DC
current value should be selected as 1.5 A. However,


FIGURE 4
Variations of percent color removal with H2O2 concentration at different DC current and pH values.
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increased with increasing H2O2 concentration up to
1500-2000 mgl-1 peroxide above which removal
efficiencies decreased due to scavenging effects of
H2O2 on hydroxyl radicals. The optimal
H2O2/pH/DC current resulting in the maximum
COD(96%), TOC(50%) and color(80%) removal
efficiencies was found to be 2000/3/3 (mg l-1).

Color removal. As shown in Figure 4, color
removal also increased, when H2O2 concentrations
were up to 4000 mg l-1. At a constant DC current
value of 3, color removal increased from 70% to
98% when H2O2 concentration was increased from
1000 to 4000 mg L-1 at the end of 60 minutes.
Current density has also a positive effect on
the decolorization of leachate by E-Fenton process.
As can be seen in Figure 4, color removal
efficiencies increased when current density was
raised from 0.1 to 3 A. At constant pH of 3, H 2O2
dose of 4000 mg l-1 and variable DC current values
of 0.1, 1.5 and 3 A, percent color removals were 88,
94 and 98%, respectively.
Initial pH value was the most important
parameter affecting the percentage of color removal
by the electro-Fenton oxidation. Removal
efficiencies obtained at low pH values were higher
than those obtained at high pH values due to higher
gained of hydroxyl radicals in low pH values.
Percent color removal decrased with increasing pH
value at all DC current values. Because, high pH
values during electro-Fenton process leads to
electro-coagulation which is mentioned in COD
removal.
The ANOVA analysis indicated that pH and
H2O2 dose (X1, X2, X12) were significant and played
important roles in decolorization by the electroFenton oxidation as summarized in Table 7.
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EVALUATION OF ANTIOXIDANT, ANTIMICROBIAL AND
CYTOTOXIC ACTIVITIES OF MUSCARI MUSCARIMI MEDIK.
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Therefore, there are 12.054 vascular plant taxa on
its soils. At least 3022 (33%) taxa among them are
endemic, 2221 endangered and 584 as vulnerable or
critically endangered [2].
As a part of this floral prosperity geophytes
(bulbs, tubers and rhizomes plants), with their
fascinating flowers, contain 15% of the Turkish
flora. Most of the geophyte species growing in
Turkey, represented by 600 species, belong to the
families Liliaceae, Ranunculaceae, Amaryllidaceae,
Primulaceae, Iridaceae, Geraniaceae, Araceae and
Orchidaceae [3]. The Muscari, commonly known as
grape hyacinths, is a genus of decorative bulbous
plants. The genus is so named because of the shape
of its flowers. The genus Muscari (Liliaceae) is
represented by almost 50 species on the Earth,
those species are widespread in Central Asia,
Europe, the Mediterranean Region. In Turkey, 30 of
WKHPJURZDQGDUHNQRZQDV³DUDSVPEO´6RPH
species of Muscari are used in traditional medicine
as diuretic, antirheumatic, expectorant, stomachic
and anti verruca. Furthermore, some species are
also used as food for humans and animals, dye,
ornamental plants in garden and parks. There are
lots of floristic studies about Muscari [4,5,6]. They
have the pharmaceutical and economic importance
[7,8,9].
Phenolic compounds belong to a very large
group of plant secondary metabolites with
changeable structures and they have numerous roles
in the physiology, biochemistry and ecology of
plants [10]. It was reported that the chemical
components of the genus Muscari are water-soluble
polysaccharides, homoisoflavonoids and glycosides
[11,12]. It has been shown that M. racemosum
homoisoflavonoids have the antimutagenic features
and may be important for the prevention from
cancer [13]. However, there are a few studies on
antioxidant properties of the Muscari species
[14,15]. Muscari muscarimi is a perennial
bulbous plant, originally from south-west Turkey.
There is no report on antioxidant, antimicrobial
and cytotoxic potential of M. muscarimi in the
literature. So, the present study was conducted to
investigate the total phenolic content as well as the
antioxidant, cytotoxic and antimicrobial activities
of the several extracts obtained from bulb and

ABSTRACTS
This study was designed to investigate the
antioxidant, antimicrobial and cytotoxic activities
of the several extracts obtained from the bulb and
flowers of Muscari muscarimi which is endemic for
WKH IORUD RI 7XUNH\ :KLOH ȕ-carotene/linoleic acid
and DPPH methods were used for the determining
antioxidant activity, Folin-Ciocalteu assay was used
to detect the total phenolic contents in all extracts
of M. muscarimi. The brine shrimp lethality test
was used to screen for the possible cytotoxic
activity of the extracts. Also, the ethanolic and
methanolic extracts of M. muscari were tested
against different microorganisms by means of disc
diffusion method. In this case, Candida albicans
and Bacillus subtilis were found to be the most
sensitive microorganisms with the zone of
inhibition 19.2 mm and 17.1 mm, respectively. The
results of the cytotoxic activity of the extracts
revealed that the bulb extracts were more active
than the flower extracts. The ethanolic bulb extract
showed most noticeable activity with LC50 7.43
ȝJPO 7RWDO SKHQROLF FRQWHQWV RI WKH H[WUDFWV
ranged from 18.35 to 38.13 mgGAEs/g extracts.
Antioxidant and antimicrobial activities in all
flower extracts were found to be higher than the
bulb extracts. The results for higher antioxidant
activity in flower extracts could be explained by
presence of greater concentration of phenolics in
the extracts. Results of the present study give strong
scientific evidence for traditional uses of M.
muscarimi.
KEYWORDS:
Antibacterial activity, antioxidant activity, brine shrimp
lethality test, Muscari muscarimi, total phenolic content

INTRODUCTION
Turkey is a prominent centre of plant
diversity, being the meeting point of three main
floristic zones. Anatolia forms a bridge among
Europe and the flora of West Asia, many genera
and sections have their origin of variation in
Anatolia and species endemism is high [1].
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mixtures was read at 490nm and inhibition ratio
was calculated.

flowers of M. muscarimi collected from Denizli,
Turkey.

Total phenolic content (Folin-Ciocalteu
assay). The total phenolic content in the extracts
was assessed by the Folin-&LRFDOWHX¶VPHWKRG>@
1 mL of extract solution (1 mg) was added to 46
mL of distilled water and 1 mL of Folin reagent and
was mixed thoroughly. After 3 min, the mixture
was added to 3 mL of sodium carbonate (2%) and
shaken discontinuously for 2 h. The absorbance was
read at 760 nm and the total phenolic content was
expressed as equivalents of gallic acid (mgGAEs/g).

MATERIALS AND METHODS
Plant material and extraction procedure
The bulbs and flowers of M. muscarimi were
collected in June 2012 from Denizli (Honaz
mountain, 1200 m), Turkey and identified by Dr.
Olcay Dusen from Section of Botany, Department
of Biology, Pamukkale University. The bulbs and
flowers were air-dried at room temperature and
powdered to a fine grain using a laboratory mill and
then extracted with ethanol and methanol in a
shaker water bath at 50°C for 6h. The extraction
was repeated twice at the same condition [16]. The
extracts were filtered and the solvents were
evaporated at 45-49°C in a rotary evaporator (IKA
RV10D, Staufen, Germany). The residual parts of
the extracts were dissolved with water and the
water in the extract was lyophilized (Labconco
FreeZone, Kansas City, MO). Anhydrous extract
was stored at -20°C until analysis.

Brine shrimp (Artemia salina L.) lethality
test. Brine shrimp lethality test (BSLT) was applied
to analyze the possible cytotoxic activity of the
extracts. A. salina eggs (10mg) were incubated in
500mL of seawater under artificial light at 28ºC, pH
7-8. After incubation for 24h, nauplii were
collected with a pasteur pipette and kept for an
additional 24h under the same conditions to reach
the metanauplii (mature larvae) stage. Ten nauplii
were drawn through a glass capillary and placed in
each vial containing 4.5mL of brine solution. In
each experiment, 0.5mL of the plant extract was
added to 4.5mL of brine solution and maintained at
room temperature for 24h under the light and then
dead nauplii were counted [20]. Experiments were
conducted along with control and five different
concentrations (10-1000Pg/mL) of the extract in a
set of three tubes per dose. Analysis of the data was
performed by EPA Probit Analysis Program
(version 1.5) to determine the LC50.

Plant extracts. Extracts obtained from M.
muscarimi as follows: Muscari (M), Bulb-Ethanol
(MBE), Bulb-Methanol (MBM), Flower-Ethanol
(MFE) and Flower-Methanol (MFM).
DPPH free-radical scavenging activity. The
effect of extracts on 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical was determined according to Wu et
DO >@ PO RI WKH '33+¶V  PHWDQROLF
solution was mixed with 1mL (0.2-1.0 mg) of the
extracts, and their absorbances were measured at
517nm after incubation for 30 min at room
temperature in dark. Butylated hydroxytoluene
(BHT) was used as a control. Inhibition activity
was calculated in following way:

ANTIMICROBIAL ACTIVITY
Microbial strains. Methanolic and ethanolic
extracts of M. muscari were tested against a panel
of microorganisms including, Pseudomonas
aeruginosa (NRRL B-23), Bacillus subtilis (ATCC
6633), Staphylococcus aureus (ATCC 25923),
Escherichia coli (ATCC 35218) and Candida
albicans (ATCC 10239). While bacterial strains
were cultured overnight at 37ºC in Mueller Hinton
agar (MHA), C. albicans was cultured overnight at
30 ºC in Sabouraud dextrose agar.

I (%) = (A0 - A1) / A0 x 100,
where A0 is the absorbance of the control, A1
the absorbance of the extract/standard.
ȕ-carotene-linoleic acid assay. In this assay,
antioxidant capacity of the extracts was determined
by slight modifications of the procedure described
by Sokmen et al. [18]. A stock solution of ȕcarotene/linoleic acid mixture was prepared, and
then 100mL of distilled water was added with
vigorous shaking. Also, 2.5mL of this reaction
mixture was dispensed into test tubes and 350 μL
portion (1mg/mL) of the extract was added and the
emulsion system was incubated for up 2h at 50ºC.
The same procedure was repeated with synthetic
antioxidant, BHT, as positive control, and a blank.
After this incubation period, absorbance of the

Disc diffusion method. Antimicrobial activity
was performed using the disc diffusion method [21].
Shortly, inocula of each microorganism was
suspended in sterile physological saline solutions
and homogenized on vortex until the density of the
test suspension match the turbidity standart of
1x108 cfu/ml (0.5 Mc Farland standart). Petri dishes
with MHA medium were inoculated with 0.1 ml of
the broth cultures of test microorganisms. The petri
dishes were rotated slowly to provide a uniform
distribution of microorganisms and left to solidify.
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$IWHUWKDWȝORIHDFKH[WUDFW PJPO were
absorbed onto the discs. After incubation for 24h at
37 ºC, inhibition zones formed around the discs
were measured in mm. In addition, discs of nystatin
ȝJ  DQG JHQWDP\FLQ ȝJ  ZHUH XVHG DV
positive control. Studies were carried out in
triplicate and developing inhibition zones and the
results were expressed as average values.

Antioxidant activity generally indicates the
capacity of a compound to delay, inhibit, or prevent
the oxidation of oxidizable materials by scavenging
free radicals and decreasing oxidative stress [22].
Antioxidants can clean up reactive oxygen species
to protect the cells from damage. Antioxidant
activity of the extracts was determined by DPPH
and
ȕ-FDURWHQHOLQROHLF DFLG DVVD\V ȕcarotene/linoleic acid assay assessed by the activity
to neutralize the linoleate-free radical and other free
radicals formed in the system which attack the
KLJKO\ XQVDWXUDWHG ȕ-carotene models [23] and
these results are shown in Table 1. Among all the
extracts, MFM extract (84.12%) showed the highest
antioxidant activity followed by MFE (79.85%) >
MBE (69.43%) > MBM (61.55%).

RESULTS AND DISCUSSIONS
Antioxidant activity and total phenolic
contents. Firstly, the extracts obtained from bulb
and flower of M. muscarimi were examined for
their antioxidant activity in this present study.

TABLE 1
Antioxidant activity of the extracts of M. muscarimi E\WKHȕ-carotene/linoleic acid assay.
Extracts
Inhibition (%)
MBM
61.55 ± 0.33
MFM
84.12 ± 0.54
MBE
69.43 ± 0.66
MFE
79.85 ± 0.78
BHT
92.30 ± 0.14
Muscari (M), Bulb-Ethanol (MBE), Bulb-Methanol (MBM),
Flower-Ethanol (MFE) and Flower-Methanol (MFM).

antioxidant activity in flower extracts could be
explained by presence of greater concentration of
phenolics in the extracts. When compared with the
scavenging activity of positive control, BHT
(90.24%), the methanol extract of flower (91.97%)
had higher value than BHT.

The DPPH is stable free radical, it can be
easily undergo scavenging by an antioxidant [24].
As expected, flower extracts exhibited superior
scavenging activity than bulb extracts. The highest
free radical scavenging activity (91.97%) was
recorded on MFM extract, with 1 mg/ml
concentration (Table 2). The results for higher

TABLE 2
Antioxidant activity of the extracts of M. muscarimi by the DPPH assay.
Extracts

DPPH Assay (%)
0.2 mg/ml
0.4 mg/ml
0.6 mg/ml
0.8 mg/ml
MBM
18.91 ± 0.78
28.18 ± 0.23
40.35 ± 0.50
71.23 ± 0.90
MFM
38.42 ± 0.84
61.22 ± 0.93
72.83 ± 0.80
81.77 ± 0.64
MBE
16.24 ± 0.60
41.54 ± 0.45
52.38 ± 0.57
64.88 ± 1.13
MFE
15.15 ± 0.65
19.81 ± 0.70
29.46 ± 0.32
54.54 ± 0.62
BHT
90.24 ± 0.33
Muscari (M), Bulb-Ethanol (MBE), Bulb-Methanol (MBM), Flower-Ethanol (MFE) and
(MFM).

1 mg/ml
50.61 ± 2.16
91.97 ± 0.82
80.43 ± 1.23
68.91 ± 0.92
Flower-Methanol

was recorded on MFM extract in relation to its
antioxidant activity. Phenols are very substantial
plant constituents because of their scavenging
capacity due to their hydroxyl groups. The

Total phenolic content measured by the FolinCiocalteu assay in M..muscarimi extracts ranged
from 18.35 to 38.13 mgGAEs/g as shown in Table
3. The highest phenolic content (38.13 mgGAEs/g)
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total phenolic contents of bulb extracts were higher
than leaf extracts. The reason for this may be
collected after flowering stage of the plant.
Because, most of the products produced after
photosynthesis transport to the underground organs
of the geophytes plants [27]. While the highest
DPPH radical scavenging activity was founded for
the ethanolic leaf extract as 61.16%, the activity of
ethanolic bulb extract was 44.80%. According to
these results, M. muscarimi has higher antioxidant
activity than M. parviflorum.

difference in antioxidant activity of different
extracts may be attributed to differences in their
chemical composition, number and location of
hydroxyl groups [25]. According to the recent
reports, a highly positive relationship between total
phenols and antioxidant activity was observed in
many plant species. Our results are supported by
other investigations [26,14]. Mammadov et al. [14]
detected total phenolic contents of bulb and leaf
extracts of M. parviflorum between 19.47 and 52.23
μg of pyrocatechol equivalents (PEs) per mg of
dried extracts. In the same study, they determined

TABLE 3
Total phenolic content (mgGAEsa/g) of the extracts of M. muscarimib
Extracts

Total phenolic content

MBM
18.35 ± 0.78
MFM
38.13 ± 0.34
MBE
21.80 ± 0.66
MFE
27.31 ± 0.67
a
GAEs, gallic acid equivalents;
b
Values are means ± standard deviation of three replicate analysis

were active against all microorganism tested except
E. coli. Compared to Gram positive bacteria tested,
Gram negative bacteria were less sensitive to the
plant extracts because the highest inhibition zone
was observed as 10.8 mm for E. coli and 8.3 mm
for P. aeruginosa.

Antmicrobial activity. With increasing drug
resistance among pathogenic bacteria, new
antimicrobial drug development efforts also have
been increased. In this context, the use of plants can
not be ignored [28,29]. In this investigation,
antimicrobial activity of methanolic and ethanolic
extracts of bulb and flower of M. muscarimi was
studied and found mild antimicrobial responses.
Among all the extracts, MFM extract was the most
effective on antimicrobial activity against five
microorganisms (Table 5). With this extract, the
less antimicrobial activity with an inhibition zone
of 6.5 mm was observed on P. aeruginosa, whereas
the highest antimicrobial activity with an inhibition
zone of 19.2 mm was detected on C. albicans.
Antimicrobial activity of other extracts changed
between 3.3 mm and 14.7 mm zone of inhibition.
Antimicrobial screening revealed that the flower
methanolic and ethanolic extracts of M. muscari

Cytotoxic activity. The cytotoxic effects of
plant extracts using BSLT were reported previously
[30,31,32]. BSLT is relaiable and simple bioassay
discovery for testing plant extracts bioactivity use
as indicator for cytotoxic and antitumor activity of
plant [33]. The results of the cytotoxic activity of M.
muscarimi extracts are presented in Table 4. The
test revealed that the bulb extracts were more active
than flower extracts. The MBE extract resulting in
LC50 value with 7.43 μg/ml for 24 hours were
considered significantly active and had the potential
for further investigations.

TABLE 4
Brine shrimp lethality test results of the extracts from respective parts of M. Muscarimi.


Percent death at 24 hours
Extracts
MBM
MFM
MBE
MFE

0 μg/mL
24.5
24.5
24.5
24.5

10 μg/mL

50 μg/mL

100 μg/mL

500 μg/mL

1000 μg/mL

68.1
63.2
72.7
61.5

82.4
66.4
80.5
69.3

88.3
73.8
100
71.4

100
78.9
100
75.5

100
93.2
100
88.8

LC50
(μg/mL)
9.32
16.51
7.43
15.25

Muscari (M), Bulb-Ethanol (MBE), Bulb-Methanol (MBM), Flower-Ethanol (MFE) and Flower-Methanol (MFM).
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TABLE 5
Antimicrobial activity of the extracts of M. muscarimia
Plant extracts

Antibiotics

Microorganism
MBM
MFM
MBE
MFE
Gentamycin
Nystatin
C. albicans
10.1±0.82
19.2±1.12
13.7±0.97 14.7±0.98
nt
24.3±1.37
S. aureus
nt
13.4±0.91
nt
9.3±0.79
21.2±1.23
nt
B.subtilis
7.3±0.64
17.1±1.02
nt
11.4±0.87
30.6±1.45
nt
P. aeruginosa
nt
6.5±0.55
3.3±0.22
8.3±0.32
18.4±1.09
nt
E. coli
10.8±0.75
nt
9.2±0.76
nt
15.5±1.04
nt
a
Values expressed are means ± S.D. of three parallel measurements and indicate the inhibition zone in mm;
nt: not tested.

[8] Pehlivan, S. and Ozler, H. (2003) Pollen
morphology of some species of Muscari
Miller
(Liliaceae-Hyacinthaceae)
from
Turkey. Flora. 198, 200-210.
[9] Baba, E., Uluköy, G. and Mammadov, R.
(2014) Effects of Muscari comosum Extract
on Nonspecific Immune Parameters in
Gilthead Seabream, Sparus aurata (L. 1758). J
World Aquacult Soc. 45, 173-182.
[10] Nijeveldt, R., Nood, E.V., Hoorn, D.E.C.V.,
Boelens, P.G., Norren, K.V. and Leeawen,
P.A.M.V. (2001) Flavonoids: a review of
probable mechanisms of action and potential
applications. Am J Clin Nutr. 74, 418-425.
[11] Urbancíková, M., Masterová, I. and Tóth, J.
(2002) Estrogenic/antiestrogenic activity of
homoisoflavonoids from bulbs of Muscari
racemosum (L.) Miller. Fitoterapia. 73, 724726.
[12] Adinolfi, M., Barone, G., Belardini, M.,
Lanzetta, R., Laonigro, G. and Parrilli, M.
(1985) Homoisoflavanones from Muscari
comosum bulbs. Phytochemistry. 24, 24232426.
[13] Miadoková, E., Masterová, I., Vlcková, V.,
Duhová, V. and Tóth, J. (2002) Antimutagenic
potential of homoisoflavonoids from Muscari
racemosum. J Ethnopharmacol. 81, 381-386.
[14] Mammadov, R., Ili, P. and Dusen, O. (2012)
Phenolic contents and antioxidant properties
of Muscari parviflorum Desf. J. Chem. Soc.
Pak. 34, 651-655.
[15] Loizzo, M.R., Tundis, R., Menichini, F.,
Pugliese, A., Bonesi, M., Solimene, U. and
Menichini, F. (2010) Chelating, antioxidant
DúQG K\SRJO\FDHPLF SRWHQWLDO RI Muscari
comosum (L.) Mill. bulb extracts. Int J Food
Sci Nutr. 61, 780-791.
[16] Ozay C, Mammadov R, Tasdelen G, Karagur
E R and Akca H. (2015) Potential antioxidant,
antiproliferative and hepatoprotective effects
of Crataegus meyeri. Journal of Food
Biochemistry, 39(5), 548-553.

CONCLUSION
Plant-derived natural products have received
significant attention in recent years due to their
diverse pharmacological properties, including
antioxidant and cytotoxic activity. The results from
the present study clearly indicated the antioxidant,
antimicrobial and cytotoxic activity of endemic M.
muscarimi bulb and flower extracts as well as the
total phenolic contents. Further studies need to be
carried out towards identifying biologically active
components responsible of these activities of M.
muscarimi.
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Cellulose, constitutes the bulk of the plant cell
wall materials and is the most abundant biomass
and renewable nonfossil carbon source on earth [2].
The hydrolysis of cellulose primarily depends on at
least three enzymes, including endoglucanases
(E.C.3·1·1·4), cellobiohydrolases (E.C.3·2·1·91)
and cellobiase (E.C.3·2·1·21), which work
synergistically to degrade the cellulose [3]. EGs and
CBHs can degrade native cellulose synergistically
to generate cellobiose, which is a product inhibitor
for these enzymes [4]. However, cellobiase can
scavenge the end product cellobiose by cleaving the
ȕ -4) linkage to generate D-glucose. Thus,
cellobiase allow the cellulolytic enzymes to
function more efficiently by producing glucose
from cellobiose and reducing cellobiose inhibition.
Enzyme thermostability is essential during the
saccharification step because steam is always used
to make the substrates more suitable for enzymatic
hydrolysis [5]. Currently, most of the cellobiase for
industrial
applications
are
secreted
by
microorganisms, and cellobiase from fungi have
been extensively studied in some model organisms,
such as Trichoderma reesei [6]. In our study, the
lignocellulose-decomposing fungus Aspergillus
niger C112 [7] was obtained from the original
strain mutagenesis by UV.
The thermostable enzyme native Bgl was
achieved from the fungus of Aspergillus niger C112,
and the Bgl encoding gene was cloned by
employing RT-PCR. Expression of the bgl gene in P.
Pastoris was obtained with the aid of multicopy
plasmids. Based on the properties of that enzyme
and amino acid sequence, conclued that the Bgl was
cellobiase, members of the glycoside hydrolase
family 3 (GH3) category of enzymes.

INTRODUCTION

MATERIALS AND METHODS

The cellobiase enzyme plays important roles
and exists in most of the living kingdoms [1]. The
cellobiase can hydrolyze cellobiose to two units
of glucose. Furthermore, it can greatly promote
the hydrolysis of endoglucanase and exoglucanase,
accelerate the overall speed of hydrolysis
of cellulase as well as promoting more thorough
hydrolysis of cellulose. Cellobiase obtained from
various sources has been widely used for many
applications, such as the enzymatic saccharification
of cellulosic materials.

Strains, plasmids and culture media.
Aspergillus niger strain C112, was preserved in
Fermentation Engineering Laboratory of Central
South University of Forestry and Technology.
E.coli DH5ܤ%/Pichia pastoris GS115 and the
plasmid vector pPIC9K were from Invitrogen (CA,
USA). The plasmid pEASY-T1 Vector was from
TransGen (Beijing, China). P. pastoris GS115 was
used for heterologous protein expression.
Recombinant plasmids were constructed from
pEASY-T1 for cloning and sequencing and from
pPIC9K for expression of bgl-cDNA. All media

ABSTRACT
The thermostable native cellobiase (Bgl) is
secreted by the lignocellulose decomposing fungus
Aspergillus niger C112. The cellobiase gene (bgl)
was cloned based on the sequences of the published
gene sequences from the Aspergillus niger
cellobiase (GenBank Accession No: AJ132386) by
the method of RT-PCR. bgl contains an open
reading frame (ORF) of 2934 bp and encodes a
protein with a predicted molecular weight of 93.33
kDa; a potential signal peptide was predicted to
contain
amino
acids
1-19
(MRFTLIEAVALTAVSLASA);
amino
acid
sequence analysis of the deduced protein indicated
that Bgl is a member of the glycoside hydrolase
family 3. A recombinant cellobiase (Bgl) was
obtained by the functional expression of bgl in P.
pastoris GS115. Several biochemical properties of
Bgl was determined-both enzymes showed optimal
activity at pH 5.0 and 50°C, and it was stable for a
pH range of 4-6 and a temperature range of 20 to
60°C. The enzyme showed broad substrate
spefificity with Km and Vmax of the recombinant
enzyme for p-NPG substrate of 0.12±0.02 mM and
40.91±1.34 mM/min, respectively. The efficient
expression will significantly decrease the
production costs of this enzyme. Taking advantage
of its acidic pH optimum and thermostability, this
recombinant cellobiase will be valuable in various
biotechnological applications.
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Analysis of genomic DNA of Pichia pastoris.
For the verification of gene integrated into the P.
pastoris genome and the determination of the
phenotype, genomic DNA of a number of
transformants of P. pastoris was isolated. Colonies
from the YPD-Zeocin plates were picked up to
grow in 10 ml of minimal medium overnight for
genomic DNA extraction. PCR amplifications were
carried out with 2 μl of genomic DNA and a pair of
primers corresponding to 5' AOX1 sequencing
primer (5'-GACTGGTTCCAATTGACA AGC-3')
and
3'
AOX1
sequencing
primer
(5'-GCAAATGGCATTCTGACATCC-3').
Enzyme induction in Pichia pastoris and
sodium dodecyl sulfate- polyacrylamide gel
electrophoresis (SDS-PAGE) of protein expressed.
Enzyme induction in P. pastoris was carried out
according to the method of the Pichia Expression
System Kit (Invitrogen). P. pastoris transformants
growing on the plates containing Zeocin were
inoculated to 5 ml BMGY, cultured overnight at
30°C and the 5 ml culture was inoculated to 25 ml
of BMGY for 16-18 h until the log-phase growth to
induce the expression of the target protein. The
cells were harvested by centrifugation, washed and
resuspended in 50 ml of BMMY. The induced
expression was carried out at 30°C in BMMY
supplemented with methanol once per day for 5
days to a final concentration of 0.5-1% (v/v).
Aliquots of each culture were removed at 12 h
intervals and induced expression of the
recombinant Bgl was detected by SDS-PAGE.
Enzyme activity assays. Cellobiase activity
was determined by a microtitre plate method that
measures
the
hydrolysis
of
pnitrophenyl-ȕ-D-glucopyranoside (pNPG), as
described by Parry et al. [8]. with some
modifications. A 100 μl portion of the culture
filtrate was mixed with 1 ml of 50 mM citrate
buffer (pH 5.0) and pre-incubated at 50°C for 10
min. The reaction was initiated by adding 900 μl of
5 mM pNPG; after incubation at 50°C for 10 min,
the reaction was terminated by adding 1ml of 1M
Na2CO3. The developed color was read at 410 nm.
One unit of cellobiase activity is expressed as the
amount of enzyme required to release 1 μmol of
pNP per minute under the above assay conditions.
Characterization of Bgl. The pH profiles of
Bgl was constructed by determining activity toward
pNPG at 50°C, as described above, in one of the
following buffers: 50 mM sodium citrate buffer (pH
3.0-9.0). The effect of temperature on cellobiase
activity was analyzed by measuring the enzyme
activity, as described above, at various temperatures
(20 to 80°C) in the 50 mM citrate buffer (pH 5.0).
The pH stabilities of Bgl was assessed by
incubating 100 μl of the Bgl at 50°C for 1 h in 1 ml
of various sodium citrate buffers adjusted to
different pH values. The thermostability of the
purified Bgl was investigated by incubating the
enzyme solutions in 50 mM acetate buffer (pH 5.0)
for 1 h, with temperatures ranging from 20 to 90°C.

and protocols for Pichia are described in the Pichia
expression manual (Invitrogen).
RNA isolation. One liter of Aspergillus niger
C112 culture was incubated in PDA liquid medium
for 48 h at 30°C. The total RNA was isolated as
described by the manual of the mixture of Trigol
reagent (Takara), with some modifications.
Gene amplification and sequencing. The first
strand cDNA synthesis was carried out with 100 ng
of total cellar RNA by using a two-step RT-PCR kit
(TransGen). The DNA fragment encoding the
Aspergillus niger C112 bgl was isolated from a first
strand cDNA mix by PCR with the two primers P1
(5'-CGGAATTCATGAGGTTCACTTTGATCGAG
GCGG-3')
and
P2
(5'-ATGCGGCCG
CTTAGTGAACAGTAGGCAGAGACG-3')
supplied with the EcoR I and Not I restriction sites
respectively (underlined). These primers were
designed according to the sequence of the
Aspergillus niger cellobiase (GenBank Accession
No: AJ132386). The PCR reaction was performed
in 25 μL reaction mixtures (0.2 μM each primer,
2μL of template DNA [about 20 ng of first-strand
cDNA], 12 μL PCR Supermix [TransGen]).
Denaturation, annealing and polymerization were
carried out for 3 min at 94°C, and 35 cycles of 30 s
at 94°C, 30 s at 62°C and 2.5min at 72°C , followed
by 10 min extension at 72°C. The PCR product was
directly cloned to the pEASY-T1 and sequenced by
Shenggong (Shanghai, China) Co., Lid. The
sequence was analyzed by using the software of
DNAman 5.0 and the homology was analyzed in
GenBank
with
the
programs
http://www.ncbi.nlm.nih.gov/BLAST.
Construction of expression system. The
recombinant plasmid pEASY-T1-bgl was digested
with EcoR I and Not I and the PCR product was
inserted into the vector pPIC9K (also digested with
EcoR I and Not I), producing the P. pastoris
secretion expression plasmid pPIC9K-bgl. The
recombinant plasmid pPIC9K-bgl was subsequently
confirmed by PCR analysis, restriction analysis and
DNA sequencing.
Transformation of Pichia pastoris GS115. The
Pichia pastoris GS115 pellet was washed twice
with 250 ml of ice-cold sterile water and once with
20 ml of ice-cold 1 M sorbitol and then
resuspended in 1 ml of ice-cold 1 M sorbitol and
finally transformed with 10 μg of bgl II-linearized
recombinant plasmid by electroporation methods as
described by the manufacturer (Bio-Rad, USA).
Immediately after the pulse, 1 ml of ice-cold 1 M
sorbitol was added, and His+ transformants were
recovered on MD plates. The plates were incubated
at 30°C until colonies appeared (3-4 days).
Screening was performed by streaking single
colonies on MD and MM plates. The multi-copy
integrants were selected on YPD plates containing
100μg/ml Zeocin. P. pastoris GS115 transformed
with the vector pPIC9K was used as a control.
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The sequencing results showed that the size of the
fragment was correlated with the bgl gene.

Subsequently, the remaining cellobiase activity of
each treatment group was measured as described
above by incubating the sample with 5 mM pNPG
solution at 50°C for 10 min.
The effect of ions and chemical reagents on
mannan cellobiase activity was examined by
incubating the enzyme with 1 mM of various metal
ions. pNPG was used as a substrate in reaction
mixtures containing 1ml of 50 mM sodium citrate
buffer (pH 5.0), 900 μl of 5 mM pNPG solution,
100 μl of enzymes and 1mM ions or chemical
reagents for 1h at 50°C.
Substrate specificity and kinetic parameters.
The substrate specificity of the enzyme was
evaluated with the 1.0 mM (final concentration) of
different substrate: cellobiose, lactose, maltose,
p-NPG, sucrose, laminariose. Activity was
measured by the p-NPG method as described above.
The kinetic experiments (Km and Vmax) were
determined from the Lineweaver-Burk plot using
SigmaPlot version 12 (Systat Software Inc., USA)
with different concentrations of substrate (0.6 ~ 1.4
mM): cellobiose, p-NPG. The results of these
experiments reported in the manuscript correspond
to mean values of three independent experiments
performed in three replicates.

FIGURE 1
Electrophoresis result of bgl gene PCR.
M: marker; 1, 2: PCR product of bgl

Pichia
pastoris
transformation
and
heterologous expression of cellobiase. Plasmid
pPIC9K-bgl was linearized with bgl II, and used to
transform P. pastoris GS115 by electroporation.
The PCR amplification results showed that positive
recombinants produced a 2.9 kb fragment with P1
and P2 primers. By DNA sequencing, the 2.9 kb
fragment sequence was identical with that of
Aspergillus niger C112 bgl. The multi-copy
integrants were selected on YPD plates containing
100 μg/ml Zeocin. Heterologous expression of bgl
was under transcriptional control of the AOX1
promoter,

RESULTS
Cloning and characterzation of the
cellobiase gene from Aspergillus niger C112. The
cellobiase gene was prepared from first-strand
cDNA from Aspergillus niger C112 by using
specific PCR primers. Thus a fragment of 2934 bp
of cellobiase gene was obtained
with
electrophoresis (Fig. 1) and sequenced [GenBank:
KP307454]. The Aspergillus niger C112 cellobiase
gene encoding 860 amino acids with a predicted
molecular mass of 93.33 kDa and had a theoretical
pI of 4.70. The total number of acidic amino acid
residues (Asp+Glu) was 99, and the basic amino
acid residues(Arg+Lys) was 64. Those proved that
it
was
acidic
protein.
Using
SignalP
(http://www.cbs.dtu.dk/service/ SignalP),
a
potential signal peptide was predicted to contain
amino acids 1-19 (MRFTLIEAVALTAVSLASA).
The deduced amino acid sequence of bgl was
analyzed using the BLAST tool on NCBI, and the
results indicated that the cellobiase cloned from
Aspergillus niger C112 belongs to the GH3 family
of enzymes.

FIGURE 2
Digested by EcoR I and Not I.

Construction
and
identification
of
pPIC9K-bgl vector. pPIC9K-bgl recombinant
plasmid was digested by restriction enzymes EcoR I
and Not I ,and then analysed together with pPIC9K
vector (after being digested by restriction enzymes
EcoR I and Not I) and bgl recovered with agarose
gel electrophoresis (Fig. 2). The fragments matched
the vector pPIC9K (9.3kb) and bgl cDNA (2934bp).

A: M:DNA maker DL5000; 1:Enzyme digestion identification of
pPIC9K;
2:Enzyme digestion identification of bgl.
B: M:DNA maker DL5000; 1:pPIC9K-bgl-Not I/EcoR I

and the expression was induced by supplement of
methanol. Fig. 3 showed the SDS-PAGE of the
IPTG induced recombinant Bgl from the
transformant strain and the molecular weight of the
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of its activity when incubated at the temperatures
between 70°C and 80°C.

recombinant Bgl was 93.3 kDa. After 96 h
induction, this strain had the highest Bgl activity of
30.37 U/ml (Fig. 4).

FIGURE 3
SDS-PAGE analysis of expressed product.
Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of the
recombinant Bgl from Pichia pastoris strain.
Proteins were visualized by Coomassie brilliant
blue staining. M:Protein marker; 1:Induced
0.5h; 2:Induced 1h; 3:Induced 1.5h; 4:Induced
2h; 5:Induced 2.5h.

FIGURE 5
Optimal pH (A) and pH stability (B) of purified
Bgl. Results are the average of three replicates,
and bars indicate standard error of three
replicates. The activity was detected by the
standard method by changing the buffer to
obtain the desired pH. For pH stability, the
enzymes were incubated at 50°C for 1h before
measurement of the remained activity.

FIGURE 4
Time course of Bgl activity produced by
recombinant P. pastoris.
Effects of pH and temperature on the
activity and stability of Bgl. Bgl was the most
active toward pNPG at pH 5.0 (Fig. 5A). The
effects of different pH on the stability of purified
Bgl was monitored (Fig. 5B). After incubation at
50°C for 1h, the enzymes was fairly stable in the
pH range of 4.0-6.0; over 70% of the original
activity for Bgl was retained, indicating that the
cellobiase was acidic cellulases. However, the
enzymes sensitive to pH above 6.0, as the activities
decreased quickly. The effects of temperature on
the activity and stability of two purified cellobiase
are shown in Fig. 6A and Fig. 6B. Bgl displayed
maximal activity at 50°C. Bgl maintained more
than 70% of the original activity at temperatures
between 20 and 60°C for one hour, but it lost most

Effects of metal ions and chemical reagents
on the activities of Bgl. The effects of various
metal ions and reagents on the activities of both
cellobiase were evaluated, and the results are
shown in Table 1.
Their activities were strongly stimulated by 1
mM Mg2+, and 1 mM concentrations of K+, Ca2+,or
2+
Pb slightly increased the enzyme activities, 1 mM
concentrations
of
Na+,
or
Fe2+
had
no significant effect on the enzyme activities.
However, 1 mM concentrations of Fe3+, Li+, Zn2+,
Cu2+, Mn2+, or Ag+, inhibited the enzyme activities
of Bgl. Fe3+ and Cu2+ were the effective inhibitor,
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obvious effects on their activities. The
ȕ-mercaptoethanol could increased the enzyme
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were 0.12±0.02 mM and 40.91±1.34 mM/min from
the p-NPG was considerably higher for cellobiase
that exhibited broad substrate specificity. So the
p-NPG was the optimal substrate of the cellobiase.
DISCUSSION
The cellobiase (Bgl) from Aspergillus niger
C112 was cloned and successfully expressed in P.
pastoris GS115. Based on the amino acid sequence
of Bgl, the encoding gene bgl was cloned by
RT-PCR. This study is report on the expression and
characterization of this enzyme in Aspergillus niger
C112. An NCBI BLAST search of the
deducedamino acid sequence of bgl indicated that
the Bgl from Aspergillus niger C112 belongs to the
GH3 family. Most cellulases generally contain two
or more discrete domains: a catalytic domain and a
highly conserved cellulose-binding domain, with an
often-glycosylated hingeconnecting these two
domains [9].
The highest sequence identity was obtained
when compared with other related enzymes, and a
signal
protein
peptide
sequence
(MRFTLIEAVALTAVSLASA) was found in most
of the enzymes. P. purpurogenum Bgl, which was
purified by Jeya et al. [9], contained a conserved
GFVMTD sequence. These residues were identified
as part of the catalytic domain of GH3 family
proteins; the aspartic acid residue has been shown
to be highly conserved and confirmed to be the
active-site residue of Bgls in GH3 enzymes.
Several GH3 cellobiase have been cloned
from fungi or successfully expressed in yeast [10].
However, few reports about the purification of
cellobiase from thermophilic fungi and the
functional expression of a thermostable cellobiase
gene in yeast have been published. Thermostability
is an important property of cellobiase during
enzymatic hydrolysis, which converts cellobiose to
reducing sugars. A thermostable cellobiase,
combined with other thermostable enzymes, could
be used directly after the heating step without a
pre-cooling process, thereby decreasing the
processing time, saving energy, reducing the risk of
contamination, and improving fermentation yields
and qualities [5]. Bgl is thermostable cellobiase;
Bgl retained more than 70% of its peak activity at
60°C for one hour. Thus, cellobiase could be used
in various fields, such as bioenergy production and
food processing. The demand for thermostable
cellobiase is rapidly increasing and has become the
driving force for studies on a wide range of sources.
However, the low yield of cellobiase and the high
viscosity of the induction media have limited the
scaleup for the production of this enzyme at an
industrial scale [11]. The rapid developments of
molecular biology make it possible to express
active enzymes in yeast for large-scale production
[5]. Protein production in yeast has the advantages

FIGURE 6
Optimal temperature (A) and thermostability
(B) of Bgl. The optimal temperature was
measured at different temperatures ranging
from 20 to 80°C. Results are the average of three
replicates, and bars indicate standard error of
three replicates. For thermostability, the
enzymes were incubated for 1 hour at different
temperatures at pH 5.0 before measurement of
the remained activity.
Substrate
specificity
and
kinetic
parameters. The relative activity (Table 2) of the
enzyme on various substrates was determined as
described in methods. The cellobiase exhibited high
activity on cellobiose (100%) and p-NPG (98%). Its
activity is negligible on lactose, maltose, sucrose,
laminariose (<0.1%). The Michaelis-Menten
constants were determined for nitrophenol from
various sources (Table 3). These substrates have
different structures because of the different ratios of
monomers found in the backbone and side chain
substituents. The Km and Vmax values were
0.21±0.06 mM and 15.31±1.76 mM/min for low
affinity from cellobiose. The Km and Vmax values
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of ease of handling, rapid growth, and highly
efficient transformation [12].

In this study, P. pastoris expression system
designed for the high-production of Bgl allows
large quantities of enzyme to be obtained in shake
flasks.The
functional
characterization
acknowledgements of Bgl from Aspergillus niger
C112 had not been reported before and the Bgl is
thermostable, this kind of thermostable enzyme can
gain a great deal of interest for industrial
applications in large scale due to an increasing
demand towards renewable resource utilization in
the near future. Sequence analysis indicated that
Bgl is a member of the GH3 family of enzymes.

Relative activity(%)a
100
99.8±1.2
102.6±2.7
107.7±5.9
110.2±6.5
68.1±4.7
98.6±2.8
66.3±3.4
92.6±5.4
93.5±2.1
94.3±6.7
84.6±3.3
104.8±5.7
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90.3±4.4
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Vmax (mM/min)
40.91±1.34
15.31±1.76

Various metal ions and other agents modified
the activity of the purified enzyme, and the effects
on the enzymes must be investigated in detail
because many catalytic processes require their
addition. In our study, Fe3+, Li+, Zn2+, Cu2+, Mn2+,
or Ag+, inhibited the enzyme activities of Bgl.

1691

E\363 

9ROXPH²1RSDJHV 

Aspergillus niger strain induced C112
production of betaglucosidase. J Central South
Unive Fore & Techn., 33, 154-161.
[8] Parry NJ, Beever DE, Owen E, Vandenberghe I,
Van Beeumen J, Bhat MK. (2001) Biochemical
characterization and mechanism of action of a
thermostable beta-glucosidase purified from
Thermoascus aurantiacu. Biochem J., 353,
117-127.
[9] Jeya M, Joo A-R, Lee K-M, Tiwari M, Lee
K-M, Kim S-H, et al. (2010) Characterization
RI ȕ-glucosidase from a strain of Penicillium
purpurogenu
KJS506.
Appl
Microbiol
Biotechnol., 86, 1473-1484.
[10] Daroit DJ, Simonetti A, Hertz PF. (2008)
Purification and Characterization of an
([WUDFHOOXODU ȕ-Glucosidase from Monascus
purpureu. J Microbiol Biotechnol., 18,
933-941.
[11] Do BC, Dang TT, Berrin JG, Haltrich D, To
KA, Sigoillot JC, et al. (2009) Cloning,
expression
in
Pichia
pastori,
and
characterization of a thermostable GH5
mannan endo-1,4-beta-mannosidase from
Aspergillus niger BK01. Microb Cell Fact, 13,
8-59.
[12] Hong J, Tamaki H, Kumagai H. (2007)
Cloning and functional expression of
thermostable beta-glucosidase gene from
Thermoascus aurantiacu. Appl Microbiol
Biotechnol., 73, 1331-1339.



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ

Received:
Accepted:

16.08.2015
07.01.2016

CORRESPONDING AUTHOR
Baiquan Zeng,
College of Life Science and Technology, Central
South University of Forestry and Technology,
Changsha, Hunan 410004 ± P. R. CHINA
e-mail: baiquanzhn@163.com

1692

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ







THE SAMPLING STRATEGY FOR THE ESTIMATION OF
DAILY AVERAGE SOIL N2O FLUX BY STATIC CHAMBER
METHOD
Qi Wei 1,2, Junzeng Xu 1,2*, Shihong Yang 1,2, Xiaotian Li 2, Dalson Twecan2
1

Hohai University, State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Nanjing, 210098, China
2
Hohai University, College of Water Conservancy and Hydropower Engineering, Nanjing, 210098, China

carbon dioxide [1, 2]. Soils are recognized as the
major source of atmospheric N2O, globally
contributing 5.0-13.9 Tg N yr-1 to the atmospheric
N2O budget of approximately 17.9 (8.1-30.7) Tg N
yr-1 [2]. Therefore, it is important to accurately
measure N2O emission from different soils. Static
chambers are the most popular method used for
measuring soil greenhouse gas fluxes, by which gas
samples were collected from the chamber
headspace using different methods at a fixed time
intervals [3-8].
However, there is a large uncertainty in the
estimation of N2O emission [9, 10], because the
N2O flux is largely varied spatially and temporally
[11]. To cope with the spatial variability of N2O
fluxes, samples should be collected in large number
of replicates spatially [12]. N2O emission from soils
also greatly varied temporally in both seasonal and
diurnal scales. Several factors (such as fertilization,
disturbance, drying, and frozen-thaw cycle)
frequently led to pulse emission in the seasonal
variation [13-20]. That requires a more frequently
sampling strategy during the pulse emission period
than non-pulse emission period, to more accurately
estimate seasonal N2O emission [13, 20]. N2O
emission from soils also varied greatly in diurnal
course [21-23]. It makes the method which usually
sampling at a fixed time can not accurately match
the daily average, and the optimal sampling time is
fundamental. Therefore, a reasonable sampling
strategy is very important, especially for the
variables which are largely varied temporally [24,
25]. Several studies had investigated the optimal
sampling time to match the daily average. But the
results are not in consistent, several researchers
indicated that the N2O fluxes measured in the
morning hours (9:00 to 12:00 h or 08:00-12:00 h)
were more appropriate to represent the daily
average N2O fluxes [26, 27], while Xia et al [28],
Alves et al [29] and Qiao et al [30] found that
sampling around 19:00 h, 21:00 h and 16:00-18:00
h was the most close to the daily average.
Furthermore, those studies deal with the diurnal
N2O courses in both pulse and non-pulse emission
periods indiscriminately. If there is any difference
in the suitable sampling strategies between pulse
and non-pulse emission periods is still unknown.

ABSTRACTS
Gas samples were sampled routinely once per
day using the static chambers manually, regardless
if there is any difference in the diurnal N2O flux
patterns among different sampling dates. Based on
nine diurnal N2O emission patterns collected during
different emission periods (high, moderate and low)
from incubation experiments in East China, the
optimal sampling time and possible sampling
strategy of daily N2O fluxes in different emissions
periods were discussed. Generally, N2O emission
presented
an
obvious
diurnal
variation
characteristic, but the diurnal variation were
slightly different in peaking time and daily
deviation between the pulse and non-pulse periods.
Statistics analysis showed that the optimum single
sampling time in high, moderate and low emissions
periods would be 22:00 h, 22:00 h and 12:00 h,
respectively. An improved routine sampling
strategy (IRS) with two samplings were presented,
and performed better in daily average N2O fluxes
estimation than the routine sampling strategy (RS)
and optimum single sampling strategy (SS). By
using IRS, the double sampling times are different
in low emission period to that in high and moderate
emission periods. With a sampling fixed at 10:00 h
in daylight, the IRS is more convenient than
stochastically double sampling strategy (DS), which
is not practical because of its inconsistent sampling
time among all three emissions periods. Thus, it is
feasible to get a more accurate daily average N2O
flux by adding a reasonable sampling to the routine
sampling method, but the added sampling times are
different between pulse and non-pulse emission
periods.

KEYWORDS:
Sampling strategy, nitrous oxide, diurnal variation, static
chamber, sampling time.

INTRODUCTION
N2O is a potent greenhouse gas (GHG) with
global warming potential (GWP) 298 times that of
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sampling strategies with the corresponding
averages by using the following expressions:

In current research, several diurnal curves
measured during the pulse and non-pulse emission
periods in an incubation experiment were selected,
to investigate the optimal sampling times in
different N2O emissions periods, and to give
reasonable fixed time sampling strategies to match
the daily average accurately during pulse and nonpulse emission periods separately.

2

1 n
SD = [¦ ( FST ,i  FM ) ] ;ϭͿ
n i1


1 n
( FST ,i  FM )2
¦
n-1 i 1
;ϮͿ
CV =
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MATERIALS AND METHODS
Data
collection
and
experimental
description. In order to investigate the influence of
surface wetting and subsurface wetting on soil N2O
emission, incubation experiments were conducted
in 2013 in Nanjing, China. Detailed information
can be found in another document (Xu et al., 2015,
unpublished, accepted in Chilean Journal of
Agricultural Research). In the experiment, twentyfour diurnal variation curves were observed among
different watering treatments or sampling dates.
The samples were collected at 7:00, 8:00, 10:00,
12:00, 14:00, 16:00, 18:00, 20:00, 22:00, 1:00 and
3:00 h on each sampling day by using a manuallysampled static chamber. N2O concentrations were
measured by an Agilent 7890A gas chromatograph
system equipped with an electron capture detector
(ECD). Fluxes of N2O were calculated according to
the linear increase rate of N2O concentration within
the chamber [31, 32]. Every three diurnal variation
curves with fluxes in the similar magnitude for
three different emission periods (high, moderate
and low) were selected, to investigate the optimal
sampling times in different N2O emissions periods.
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where
and M are N2O flux calculated
around sampling times and the corresponding daily
average fluxes, respectively. Besides, n is the
number of sampling programs in diurnal patterns of
N2O emissions (n=11 in our study); and m is the
number of daily variation curves among different
emission periods (m=3 when calculate errors in
high, moderate and low emission periods, while
m=9 in the whole emission period). The weighted
determination coefficient wR2 was calculated as
wR2= R2*a when slope a is less than 1.0, and as
wR2= R2/a when slope a is larger than 1.0.

Statistical analysis. The standard deviation
(SD) and coefficient of variation (CV) were used to
assess the dispersion of the daily variation in N2O
flux. Regressions analysis with intercept as zero
was conducted to investigate the most probable
time for gas sampling that with highest consistency
to the daily average. Taking the daily average N2O
flux as the dependent variable and the flux at each
sampling time as the independent variable, the
optimal single sampling strategy (SS) will be that
with the weighted determination coefficient wR2
closest to unity. Furthermore, average flux of every
two sampling times was compared with the daily
average to figure out the stochastically double
sampling strategy (DS). And the improve routine
sampling (IRS) strategy was suggested by adding
another sampling time in routine sampling strategy
(RS) program to assess a more accurate estimation
of daily average N2O flux.
The relative error (RE), average absolute
errors (AAE) and root mean square error (RMSE)
were also calculated to evaluate errors of different

RESULTS AND DISCUSSIONS
Diurnal variation in N2O fluxes. Fluxes of
N2O varied diurnally from 1,447.4 to 3,677.4 ȝJ
N2O m-2 h-1, 521.8 to 1,701.6 ȝJ 12O m-2 h-1 and
39.2 to 936.8 ȝJ 12O m-2 h-1 in high, middle and
low emission periods, with averages of 2,323.1,
1,025.5 and 214.8 ȝJ12O m-2 h-1, respectively (as
shown in Figure 1). The daily peaks in high
emissions period usually occurred between 14:00 h
and 18:00 h. There is not a consistent conclusion in
the peaking time of N2O flux, the peaking time in
high emissions period is similar to those by Ryden
et al [33] and Denmead et al [34], but different to
those by Skiba et al [35] and Scheer et al [36].
Furthermore, the peak fluxes in non-pulse
emissions periods mostly appeared at 12:00 h and
14:00 -16:00 h in moderate and low N2O emissions
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regressions ranged from 0.766 to 1.207. Sampling
at 14:00 h-22:00 h mostly overestimates the daily
average N2O fluxes by 1.2%-23.4%, while
underestimates the average fluxes by 8.6% to 20.7%
around 7:00 h to 12:00 h. The weighted
determination coefficient wR2 varied from 0.695 to
0.977. The maximum wR2 was 0.977 at 22:00 h,
followed by the 0.933 and 0.885 at 3:00 h and 8:00
h. It indicated that the fluxes measured at 22:00 h
were of the most consistent to the daily average
generally.
Despite flux around 22:00 h were of the most
consistent to the daily average. However, it
performance were different among different N 2O
emissions periods (Figure. 2). The AAE and RMSE
were generally lower in low emissions period than
in high emissions period, but the RE was on the
opposite. Among which the AAE fell in the ranges
of 54.4-753.9, 67.5-360.7, and 24.1-406.4ȝJ 12O
m-2 h-1 in high, moderate and low emission periods.
And the RMSE mostly fell in 60.0-784.6, 77.0363.4 and 27.2-ȝJ 12O m-2 h-1, respectively.
But the RE ranged from -32.9% to 44.1%, from 36.9% to 51.7%, and from -79.1% to 262.6%. The
minimum AAE and RMSE mostly appeared at
22:00 h in high and moderate emission periods, but
at 12:00 h in low emission period. It implies that
sampling around these times could well represent
the daily average N2O flux. Thus, it can be
conducted that the optimum single sampling time in
N2O high, moderate and low emission periods
would be 22:00 h, 22:00 h and 12:00 h, respectively.

periods, those were also slightly different from the
results in high emissions period. Thus, the
emergence times of peak values were somewhat
different among different N2O emission periods.
Statistical parameters of N2O emissions were
also significantly different among different
diurnal variation curves or emissions periods (Table
1). Averages of N2O fluxes in high, moderate and
low emissions periods mostly fell within ranges of
1927.6-2761.0 ȝJ 12O m-2 h-1, 827.5-1127.1 ȝJ
N2O m-2 h-1 and 181.2-275.4 ȝJ 12O m-2 h-1,
respectively. The corresponding CV values ranged
from 0.179 to 0.232, 0.185 to 0.276 and 0.316 to
1.006, the ratio of Max/Min ranged from 1.7-2.1,
2.0-2.2 and 2.7-15.5, respectively. The CV and
Max/Min were higher during the low N2O
emissions period than during the high and moderate
periods.
However,
standard deviations
SD
decreased gradually from high to low emissions
periods, and the averages in pulse (high) emission
period was 101.4% and 180.3% higher than those in
moderate and low emission periods, respectively. In
short, N2O emission presented a diurnal variation
characteristic, but the diurnal variation were
slightly different in peaking time and daily
deviation characteristics between the pulse and nonpulse periods.
Optimal single sampling time for daily
average N2O emission
 Regression parameters and
the determined coefficients between the N 2O flux at
each sampling time and the corresponding daily
average were listed in Table 2. The slopes of the

FIGURE 1
Diurnal variations of N2O fluxes in different emissions periods.
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TABLE 1
Statistical parameters of N2O fluxes.
Diurnal variation curves

Statistical parameters
H1

H2

H3

M1

M2

M3

L1

L2

L2

0D[ ȝJ12O m-2 h-1)

3261.0

2591.9

3677.4

1057.6

1531.9

1701.6

264.2

681.3

936.8

0LQ ȝJ12O m-2 h-1

1517.9

1447.4

2146.3

521.8

713.3

759.4

96.8

39.2

60.6

$YHUDJH ȝJ12O m-2 h-1)

2262.4

1927.6

2761.0

827.5

1127.0

1121.9

181.2

187.9

275.4

Max/Min

2.1

1.8

1.7

2.0

2.1

2.2

2.7

17.4

15.5

SD ȝJ12O m-2 h-1)

500.8

391.1

472.0

145.7

235.9

295.5

54.6

180.3

251.8

CV

0.232

0.213

0.179

0.185

0.22

0.276

0.316

1.006

0.959

TABLE 2
Regression parameters between the daily average N2O flux and the flux at each sampling time.
Sampling
time
a
R2

-2

N22IOX[ȝJ12O m h

-1

wR2

4000
3500
3000
2500
2000
1500
1000
500
20000

7:00

8:00

10:00

12:00

14:00

16:00

18:00

20:00

22:00

1:00

3:00

1.1279

1.0862

1.1563

1.2073

0.856

0.7662

0.8012

0.9027

0.9878

1.2108

0.9543

0.9121
0.8087

0.9617
0.8854

0.9616
0.8316

0.9472
0.7846

0.8885
0.7606

0.9844
0.7542

0.8678
0.6953

0.9751
0.8802

0.9893
0.9772

0.9648
0.7968

0.9781
0.9334

(a)
Average 2262.4

(d)

H1 (b)
Average 1927.6

M1

1500

(e)
Average 1127.0

H2 (c)
Average 2761.0

H3

M2 (f)

M3

Average 1121.9

Average 827.5
1000
500
1000
0
800

(g)

L1 (h)

L2

(i)

L3

600
400

Average 181.2

Average 187.9

Average 275.4

200
0
7 8 10 12 14 16 18 20 22 1 3 7 8 10 12 14 16 18 20 22 1 3 7 8 10 12 14 16 18 20 22 1 3
Sampling time/h

(a)-(c), (d)-(f), and (g)-(i) represent the relations for N2O high, moderate and low emission periods, respectively.
FIGURE 2
Relations of single sampling programs with corresponding daily averages.
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the DS program. Moreover, the improve routine
sampling (IRS) strategy could also reduce the
RMSE by 21.72%, 28.11% and 73.26% in high,
moderate and low emissions periods when
compared with SS. Sampling at 20:00 h was
selected out in both high and moderate emissions
periods to form the IRS program with the routine
time of 10:00 h, and the sampling around 16:00 h in
low emissions period. The performance of IRS
method was much better than SS and RS programs
in all three emission periods
In general, it was concluded that the RS
sampling strategy led to substantial error in
estimation daily average N2O flux. Compared with
RS strategy, the optimum single sampling strategy
(SS) performed much better although the error in
estimation of daily average N2O flux is still large,
but the sampling time usually occurred at midnight
in high and moderate emissions period, which made
the SS strategy was not easy to be operated.
Similarly, the stochastically double sampling
strategy (DS) had the highest accuracy in
estimation of daily averages, but there is not a
uniform sampling time among all three emissions
periods, and some sampling combinations including
the observation in midnight (eg. 22:00 h and 1:00
h). Thus, the DS is not well practical. The improved
routine sampling strategy (IRS) recommended in
current research also performed well in estimation
of daily averages. The errors by IRS were slightly
bigger than those by DS, but it much less than by
SS and RS. In addition, a sampling time in IRS
strategy was fixed at 10:00 h in daylight, another
additional sampling occurred at 16:00 h or 20:00 h
instead of midnight. By using the IRS strategy, the
performance was improved in estimation daily
average by adding a sampling at 16:00 h or 20:00 h
to the RS strategy. It has the same samplings to DS
strategy, it is much more convenience than DS
strategy with a sampling fixed at 10:00 h in
daylight. Thus, point to the IRS strategy was the
prefer one. As well as recommend sampling times
for the IRS strategy are 10:00 h and 20:00 h, 10:00
h and 20:00 h, and 10:00 h and 16:00 h in high,
moderate and low emission periods, respectively.
However, the N2O fluxes in different areas might
vary quite differently owing to the changing
geography, environment and other factors. Hence,
the related studies need to be further carried out in
more regions and under different environmental
conditions. But those two points can be confirmed,
first it is feasible to get the a more accuracy
estimation of daily average N2O flux by adding a
reasonable sampling time on the routine sampling
(RS) method, and second the sampling times might
different between pulse and non-pulse emission
periods, but very few researchers had realized it in
previous.

Results from literatures on the optimal
sampling time for N2O fluxes measurement are
summarized in Table 3. Despite the fact that the
results were measured from different sites with
different crops, some agreements could be observed.
In most cases, the mid-morning period (09:0012:00 h) was frequently associated to the
occurrence of the daily average N2O flux. However,
the results of current research were somewhat
different from most of literatures in Table 3, but it
agreed well with results by Weerden et al [37] who
argued that the best time for gas sampling would be
at 12:00 and 21:00 h from a mixed perennial
ryegrass in New Zealand. The reason is that the
diurnal patterns measured in current research were
different from results in the mentioned reports. The
optimum single sampling time was also found
different in low emission period from that in high
or moderate emission periods. That might ascribed
to the difference in the biotic processes and
environmental conditions, which lead to different
diurnal patterns in N2O fluxes among different
emissions periods.
Sampling strategy of daily N2O emission. In
China, sampling around 10:00 h was frequently
used to represent the daily average N2O flux [38,
39]. Thus, sampling at 10:00 was usually deemed as
the routine sampling strategy (RS). As listed in
Table 4, fluxes at 10:00 h by the RS program had
significantly errors, with RMSE of 427.9, 142.2 and
116.2 ȝJ12O m-2 h-1 in high, moderate and low
emission periods, respectively. Compared with the
RS strategy, the optimum single sampling strategy
(SS) determined by the regression analysis in the
above section resulted in the significantly reduced
RMSEs which were reduced by 62.9%, 45.9% and
76.6%, respectively. Furthermore, there were one or
several combinations for the stochastically double
sampling strategy (DS) program with RMSEs much
lower than the corresponding SS method in high,
moderate and low emission periods (as listed in
Table 3). Thus, the DS sampling program resulted
in a more accurate estimation of daily average N2O
flux than RS and SS methods. For example, using
averages of sampling programs of 7:00 h and 12:00
h, 8:00 h and 1:00 h, 14:00 h and 20:00 h, or 22:00
h and 3:00 h in high emission period, the RMSEs
will decrease by 25.3%-78.9% when compared with
those sampling around 22:00 h by SS method.
Similarly, the RMSEs reduced 44.0% to 85.6%
when using DS program in non-pulse (moderate
and low) emission periods. The shortcoming of the
DS sampling program is that the combinations of
two sampling time varied greatly among different
emission periods, and it cannot find out a
combination can be used in every two or all three
emission periods. That impeded the implication of
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TABLE 3
Summary of results on the sampling time which best represent the daily average N 2O flux

Site

Crop

Time
resolution
(h)

Date
25-Jun

Tsukuba,
Japan

Carrots

Near Munich,
German

Potatos

Cumbria,
UK

Grass/White

4

12

Rye
2,67

Clover
Inner
Mongolia,
China

Grassland

2,67

Rio de
Janeiro,
Brazil

Grass sward

3

Canberra,
Australia

Grass sward

~1

Buenos Aires,
Argentina

Soybean

3

Daily
Period in day time
N2O range a average flux which best represent
ȝJ12O m-2 h-1) ȝJ12O m-2 h
daily average
1)
(h)
8 to 30
21
08:00 to 12:00

26-Jun

24 to 36

30

08:00 to 12:00

27-Jun

25 to 39

33

04:00 to 12:00

28-Jun

6 to 25

20

08:00 to 12:00

29-Jun

20 to 28

24

08:00 to 12:00

30-Jun

16 to 23

20

08:00 to 12:00

2 to 10-Aug

23 to 341

57 to 190

08:00 to 12:00

3-Apr

7 to 21

13

12:00 to 14:40

4-Apr

5 to 20

11

12:00 to 14:40

5-Apr

6 to 21

12

12:00 to 14:40

Reference

[3]

[27]

[40]

6-Jun

1 to 8

1

10:00 to 15:00

8-Jul

6 to 49

19

08:00 to 09:00

12-Aug

2 to 9

4

09:00 to 12:00

10-Sep

0 to 2

2

<09:00 and after 15:00

3 days/Nov

n.a.b

n.a.

07:00 to 10:00

8-Nov

55 to 137

96

09:00 to 12:00

9-Nov

49 to 109

74

09:00 to 12:00

n.a.

48 to 111

67

09:00 to 12:00

[26]

n.a.

10:00 to11:00 and
19:00 to20:00
12:00 and 21:00

[37]

[6]

[8]
[33]

Mixed
perennial
Otago, New
ryegrass/white
Zealand
clover

2

Shandong,
China

Wheat

2

n.a.

13 to 46

n.a.

08:00 to 12:00

Edinburgh,
Scotland, UK

Potatos and
vegetables

6

17-Jun to 16-Jul

21 to 624

n.a.

09:00 and 21:00

Rio de
Janeiro,
Brazil
Ningxia,
China

Grass
paspalum
notatum

3

9 to 14-Apr

54 to 783

n.a.

10:00 and 22:00

Paddy

6

n.a.

3 to 4

n.a.

09:00 to 11:00

[42]

Wheat

2 to 3

n.a.

98 to 201

137

08:00 to10:00 and
16:00 to21:00

[30]

HeiLongjiang,
China

25 to 28-Nov
9 to13-Nov

n.a.

25 to 27-Nov

9:00 and 18:00
[41]

[29]

Note: a The N2O ranges were described as from the minimum to maximum.
b
n.a. means not available.

1697

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ







TABLE 4
Root mean square errors (RMSE) of different sampling methods.
Routine sampling (RS)
Emission
periods

High

Sampling
time

10:00

RMSE
ȝJ12O
m-2 h-1)

427.9

Optimum single
sampling (SS)
Sampling
time

22:00

RMSE
ȝJ12O
m-2 h-1)

158.9

Middle

10:00

142.2

22:00

77.0

Low

10:00

116.2

12:00

27.2

Stochastically double
sampling (DS)

7:00+12:00

RMSE
ȝJ12O
m-2 h-1)
118.7

Sampling
times

8:00+1:00

75.0

14:00+20:00

68.0

22:00+3:00

33.6

7:00+8:00

43.1

16:00+22:00

6.0

18:00+20:00

3.9

Improved routine sampling
(IRS)
Sampling
times

RMSE
ȝJ12O
m-2 h-1)

10:00+20:00

124.4

10:00+20:00

55.4

10:00+16:00

7.3

Scholar Project of State Key Laboratory of
Hydrology Water Resources and Hydraulic
Engineering (No. 20145027912), Advanced
Science and Technology Innovation Team in
Colleges and Universities in Jiangsu Province, and
A Project Funded by the Priority Academic
Program Development of Jiangsu Higher Education
Institutions.

CONCLUSION
Based on nine diurnal patterns of N2O
emission collected during different emission
periods (high, moderate and low) from incubation
experiments in East China, it was found that N2O
emission
presented
a
diurnal
variation
characteristic, but the diurnal variation were
slightly different in peaking time and daily
deviation characteristics between the pulse and nonpulse periods. Regression and statistics analysis
showed that the optimum single sampling time in
high, moderate and low emissions periods would be
at 22:00 h, 22:00 h and 12:00 h, respectively.
Compared with the RS and SS programs, the IRS
performed better in estimation of daily average N2O
fluxes. By using the IRS strategy, the double
sampling times are different in low emission period
(10:00 h and 16:00 h) to in high and moderate
emission period (10:00 h and 20:00 h). With a
sampling fixed at 10:00 h in daylight, the IRS is
more convenience than DS, which is not practical
because of its inconsistent sampling time among all
three emissions periods. Thus, it is feasible to get
the a more accuracy estimation of daily average
N2O flux by adding a reasonable sampling time on
the routine sampling method, and the sampling
times are different between pulse and non-pulse
emission periods. Those should be tested further in
more regions and under different environmental
conditions, because the N2O fluxes might vary quite
differently owing to the changing geography,
environment and other factors.
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MORPHOLOGICAL AND PHYSIOLOGICAL ASPECTS OF
CRITHMUM MARITIMUM L. (SEA FENNEL, APIACEAE)
SYMBIOSIS WITH GLOMUS INTRARADICES AND BACILLUS
AMYLOLIQUEFACIENS FZB42.
Olga K. Kostoula, Dimitra Dimou, Paraskevi Yfanti, Dimitra Douma, Charalampos Karipidis, Andreas
Kritsimas and Georgios Patakioutas
Department of Agricultural Technology, Faculty of Agricultural, Food and Nutrition Technology, Technological Educational Institute of
Epirus, Arta, Greece

ABSTRACT

INTRODUCTION

Crithmum maritimum L. is an edible
aromatic halophyte, naturally found in many
coastal ecosystems. This study investigates the
coexistence of an indigenous Greek origin C.
maritimum with the mycorrhizal fungus Glomus
intraradices and the beneficial bacterium Bacillus
amyloliquefaciens FZB42. Plants grew in a
greenhouse and were inoculated with the
microorganisms alone and in combination. In the
framework of this study, the plant growth and
nutrition, the mycorrhizal colonization and the
evolution of bacterial and fungal species
SRSXODWLRQ LQ SODQW¶V UKL]RVphere were examined.
G. intraradices formed an Arum-Paris type
colonization with specific characteristics and
colonized the root hairs, the cortex, and also the
cells of the secretory canals and the amyloplasts in
C. maritimum root. High numbers and a
rearrangement of amyloplasts were also observed
in close proximity of colonization sites and
secretory canals in the root cortex. The
FRORQL]DWLRQHIIHFWLYHQHVVGLGQ¶WFRUUHODWHWKHKLJK
fungal infectivity. G. intraradices GLGQ¶WLQIOXHQFH
B. amyloliquefaciens population whereas initially
it had a positive effect on the population of
culturable heterotrophic bacteria in plant
rhizosphere. Lower populations and diversity of
saprophytic fungi were observed in the
rhizosphere
of
inoculated
plants.
B.
amyloliquefaciens had a positive influence on
SODQW¶V JURZWK DQG IROLDU 3 DQG 0J FRQFHQWUDWLRQ
while G. intraradices reduced foliar Na
concentration. The combination of two symbionts
increased Cu up-take and decreased foliar Na
concentration and the leaf number. This study is
the first report on C. maritimum symbiosis with G.
intraradices and B. amyloliquefaciens FZB42 and
SURYLGHV D EDVH IRU IXWXUH VWXGLHV RQ KDORSK\WH¶V
co-existence with symbiotic microorganisms.

Crithmum maritimum L. (Apiaceae) widely
known as sea fennel or rock samphire is a
perennial aromatic and facultative halophytic
plant. The plant grows wild on coastal areas.
Plants leaves, young stem and seed pods can be
eaten fresh either pickled or can be used as a
spice-colorant in new gastronomy [1]. The
halophyte is a potent source of minerals and
vitamin C and has digestive, depurative and
diuretic propertLHV7KHSODQW¶VDHULDOSDUWDQGURRW
produce essential oils and furanocoumarins with
antimicrobial properties against a large panel of
human pathogenic bacteria [2] and with antioxidant
activity [3, 4]. Nowadays, C. maritimum has
become an important species for ecological and
economic reasons [5] and has the potential to be
developed into a cash crop halophyte [6, 5]. It is
well known that the majority of vascular plants
(over 85%) form symbiotic associations with
arbuscular mycorrhizal (AM) fungi called
arbuscular mycorrhizas. Mycorrhizas are based
upon bidirectional transfer of commodities,
substantial for plant growth under stress
conditions and resistance to pathogens [7, 8]. Plant
growth
promoting
rhizobacteria
(PGPR)
associated with plant rhizosphere also have
positive effect on plant growth [9] and
antimicrobial activity against phytopathogens
[10]. Increases in growth and yield of agronomical
important crops in response to PGPR and/or AM
fungi inoculation have been reported [8, 11, 12]. In
the bibliography, there are very few reports on C.
maritimum symbiosis with microorganisms [13].
Therefore, the purpose of this study was to
investigate the coexistence of an indigenous, greek
origin C. maritimum with the AM fungus G.
intraradices and the plant growth rhizobacterium
B. amyloliquefaciens FZB42 under greenhouse
conditions.

KEYWORDS:
arbuscular mycorrhizal morphology, mycorrhizalbacterial interactions, plant growth bacteria, secretory
canals, amyloplast.
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with a suspension of the bacterium (10 7 CFUs mL1
). For the plant inoculation with the combination
of these microorganisms, were used the same
doses as for the inoculation with each one of them.

MATERIALS AND METHODS
Plant material and Microorganisms: The
seeds used for the experiment were offered by the
Laboratory of Conservation and Exploitation of
Native and Floricultural Species, (Agricultural
Research Center of Macedonia and Thrace,
National Agricultural Research Foundation,
Greece). Seeds have been produced by progeny of
wild grown plants collected from the rocky
coastline of Mount Athos (Chalkidiki, Greece). A
comPHUFLDO LQRFXOXP ³0\FRVLQ7UL-7RQ´9LRU\O
Hellas, Athens, Greece) containing fungal spores
of G. intraradices (150 spores g-1) was applied to
inoculate plants with the mycorrhizal fungus. The
FRPPHUFLDO LQRFXOXP ³*UHHQHU´ ,QWUDFKHP
Hellas,
Athens,
Greece),
containing
B.
amyloliquefaciens FZB42 endospores was used to
inoculate plants with a PGPR bacterium.

Histological examination: For the study of
mycorrhizal colonization, root samples randomly
selected, were taken from 3 plants per treatment
45, 90 and 238 days after 1 st inoculation. The root
clearing and staining was accomplished using
modifications on [15] protocol. Root samples were
first washed to remove soil and then cleared of
URRW SLJPHQWV LQ  ZY .2+ VROXWLRQ DW  Û&
for 40 minutes. Cleared roots were then rinsed
with tap water and stained with 0.03% w/v
Chlorazol black E (CBE, Sigma) in lactophenol
(1:1:1 lactic acid, glycerol and water) at RT for 48
hours. The type of mycorrhiza has been
recognized, based on colonization morphology
[16]. The quantification of root colonization by
AM was determined by the grid-line intersect
method of Mc Gonigle et al. [17]. Four variables
(fungal structures) were determined: the number
of a) arbuscules/arbusculate coils, b) vesicles, c)
filamentous hyphae and d) spores of G.
intraradices. The numbers of fungal structures
were determined in a total of 270 intersections
(optical fields) per treatment by the microscopic
examination of the stained root samples (1-2 cm
long). Additionally, for the examination of
mycorrhiza morphology, transverse or longitudinal
sections of fresh root samples were prepared using
a microtome and stained with lactophenol cotton
EOXH /&% 0HUN *HUPDQ\  7KH URRW¶V IXQJDO
structures were photographed during the
microscopic observation of samples. For the study
RI DP\ORSODVWV LQ SODQW¶V FRUWH[ FHOls, the starch
granules of amyloplasts were stained with an
LRGLQH¶VVROXWLRQ

Experimental design: The experiment was
carried out from April to December 2012 in an EW oriented, twin span glass-covered greenhouse
(Technological Education Institute of Epirus, Arta,
W. Greece). C. maritimum seeds were initially
disinfected using 0.4% NaOCl solution for 2 min
and then rinsed (X3) for 2 min with sterileGHLRQL]HG ZDWHU 6HHG¶V JHUPLQDWLRQ ZDV
performed in a plant growth chamber under a
constant temperature of 21oC and a 11/13 h
(light/dark) photoperiod according to the modified
method of Thanos et al. [14]. The uniform
seedlings resulted from seed germination, were
planted in minipots with a sterilized vermiculite
and peat (1:1) mixture. Two months later, the
plants were transplanted into 2-L plastic pots (one
plant per pot) with the same substrate. The pH of
substrate was rectified to 6.2±6.5 by CaCO 3
addition. A compound fertilizer with a
combination of N 20%, P 5 %, K 30%, MgO
1,6%, Fe 1533 mg Kg-1, Mn 1000 mg Kg-1, B 300
mg Kg-1, Zn 270 mg Kg-1, Cu 200 mg Kg-1, Mo
120 mg Kg-1 was used (1%, 100 mL pot -1) once a
month. The experiment included the following
four treatments: no microbial inoculation (control
plants),
inoculation
only
with
B.
amyloliquefaciens FZB42 (B plants), inoculation
only with G. intraradices (G plants), and an
inoculation with both microorganisms (GB
plants). Each experimental unit consisted of 30
plants and each plant represented a sampling unit.
The substrate was inoculated with the
microorganisms after planting the seedlings in
minipots (1st inoculation) and again after the
SODQWV¶ WUDQVSODQWLQJ  nd inoculation). For the
plant inoculation only with the fungus, 0.5g of
Mycosin Tri±Ton was added to each planting hole
and respectively, for the inoculation only with B.
amyloliquefaciens FZB42, the plants were watered

Determination of B. amyloliquefaciens
FZB42 and culturable heterotrophic bacteria
(CHB) populations in plant rhizosphere:
Bacterial populations were determined 65, 90 and
226 days after 1st inoculation. Samples of the plant
JURZWK VXEVWUDWH KHUHLQDIWHU UHIHUUHG WR DV ³WKH
VRLO¶¶  ZHUH FROOHFWHG IURP WKH UKL]RVSKHUH RI 
plants per treatment. Root samples with rootadhering soil were put into sterile plastic bags and
shaken to separate rhizosphere soil from root
system. Soil samples (3 per plant) of 1g were
taken aseptically, dissolved in 20 mL sterile
quarter±VWUHQJWK 5LQJHU¶V VROXWLRQ DQG VKDNHQ
(200 rpm) at RT for 2 h. Serial dilutions (10-1-10-4)
were prepared from the resulting rhizosphere soil
suspensions and plated (0,1 mL from 10 -3 and 10-4
dilutions) using three replicates per dilution on
Nutrient Agar (NA) (Biolife, Italy) and on sheep
blood agar (Biolife, Italy) plates supplemented
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colonies were counted, after incubation at 25 oC
for 72 h and were expressed as Colony Forming
Units per g (CFUs g-1) of dry soil. B.
amyloliquefaciens FZB42 colonies were detected
on the basis of i) their typical morphology on NA
medium and ii) the formation of hemolytic halo
around bacterial colonies on sheep blood agar
[18]. Representative bacterial isolates were
examined for their pathogenic activity based on
their ability to induce hypersensitive reaction
(HR) in tobacco leaves [19].
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values of total leaves per pot were subjected to
analysis of variance (Anova). Means were
separated by )LVKHU¶V /6' multiple range test at
p<0.05. Data of rhizosphere bacterial/fungal
species populations as well as the quantification of
root colonisation by G. intraradices were
evaluated by t-test comparison at p<0.05.

RESULTS AND DISCUSSION
C. maritimum germination characteristic:
C. maritimum ecotype presented a very high %
percentage of seed germination (91.22 % ±1.32).
Germination has been completed within three
weeks, a pace rather slow but in agreement with
Thanos et al. [14].

Mycoflora
examination
of
plant
rhizosphere: The qualitative and quantitative
determination of mycoflora in C. maritimum
rhizosphere were determined at the end of the
study. Samples of growth substrate were taken
aseptically from plants of each treatment. Three
samples (3-5 g) at 15 cm depth were randomly
taken from each plant (3 plants per treatment).
One gram of each sample was measured and
dissolved aseptically in 9 mL sterile distilled water
and then tenfold serially diluted (10 -1-10-3).
Normal saline was the diluent factor. All diluted
samples were plated aseptically (3 replicates per
dilution) on Rose Bengal Chloramphenicol Agar
(Merk Germany) and the plates were then
incubated at 25 ºC for at least 10 days. After
incubation, the fungal colonies were counted and
expressed as CFUs g-1 of dry soil. The rhizosphere
mycoflora identification to the genus and/or
species level was based on macro- and
microscopic characteristics according to specific
taxonomic keys [20, 21].

Mycorrhiza
morphology
and
quantification of colonization
a) The type of mycorrhiza: G. intraradices
demonstrated
an
intermediate
Arum-Paris
mycorrhiza type with specific characteristics. It
started as an early (45 days post 1 st inoculation)
Paris±type colonization by forming very small
hyphae into root hairs (Fig.1A) and overlapped
loop-like structures composed of highly
convoluted fine hyphae in the cortex cells but at
limited sites. Three months after 1 st inoculation,
these loop-like fungal structures were developed
into small sponge-like hyphal coils of Paris-type
(Fig.1B), but still the % colonization was very low
ranging from 3-7% [22]. Five months later all G,
GB plants were highly colonized by G.
intraradices which formed both Paris- and Arumtype (Fig.1C, D) with the first predominating,
irrespectively the inoculum. The fungus formed
intra- and inter-cellular hyphae, hyphal coils and
arbuscules. Arbuscules consisted of an elongated
thin trunk ending to small bush-like tufts and most
of them were poorly developed either degenerated
or collapsed (Fig.1C). Fungal vesicles were rarely
present in G-plants but not in GB plants. The
vesicles were large, with a double layered wall,
variable in shape e.g. global (Fig.1C, D), pearlike, elongated or multiramified. Few irregular
fungal spores were present in both treatments. It is
known that AM morphotype is the result of
interaction between plants and fungal species. The
mycorrhizal morphotype and level of colonization
is influenced by anatomical characters of host root
[23, 16], by the fungal identity [24] and by
environmental factors such as soil pH, phosphorus,
temperature and light [25]. Furthermore, the
control of morphology and establishment of AM
mycorrhizas are exerted by the genomes of host
and fungus [26]. The formation of poorly
developed, either degenerated arbuscules in G, GB
plants, could be associated with C. maritimum and

Determination of growth parameters and
nutrition: C. maritimum height (cm) was
measured (15 plants per treatment) once per week,
for eight months after 1 st inoculation. The total
number of leaves per plant was measured in the
20th and 30th week post 1st inoculation. For the
determination of foliar nutrients concentration, a
representative sample of leaves was harvested at
the end of the experiment for each treatment and
was oven dried at 65 °C for 72 h. A sample (1 g)
of dry, powdered leaf tissue was incinerated in an
oven at 550 °C, dissolved in HCl (2N, 20 mL) and
diluted in water (100 mL). Concentrations of
potassium (K %), calcium (Ca %), sodium (Na
%), magnesium (Mg %), zing (Zn ppm), iron (Fe
ppm) and manganese (Mn ppm) were determined
with an atomic absorption spectrophotometer
(Perkin±Elmer 2100). Phosphorus (P %) was
determined by the molibdate±vanadate method
followed by spectrophotometric measurements.
Statistical
analysis:
ȃutrients
foliar
concentration, plants height and transformed

1704

E\363

9ROXPH²1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ



KDVDORQJHULQYDVLRQSHULRGGXHWRSODQW¶VORQJHU
growth cycle, possibly Paris-type colonization is
IDYRUDEOHIRUKDORSK\WH¶VLQYDVLRQ
b) Quantification of mycorrhiza: The
quantification of mycorrhiza (Table 1), showed
differences in the numbers of mycorrhizal
structures between treatments. The number of
arbuscules
was
significantly
increased
(approximately 50% higher) in plants inoculated
only with G. intraradices compared to plants
treated with both microorganisms. On the
contrary, higher extent (34.5% higher) of fungal
hyphae was found in GB plants than in G plants.
The increase of hyphal coils/arbuscules number
could be an indication that G plants were more
stressed than GB plants, which is also confirmed
by the better growth of the root of G plants
FRPSDUHGWR*%SODQWV¶URRW[22]. It seems that in
plants inoculated only with G. intraradices, the
fungus, under this stress, formed high number of
hyphal coils and arbuscules to increase the surface
of nutrient exchange between plant and fungus.
These observations are in accordance with the
report of Imbof and Weber [31] that, ring-like
mycelial structure (Paris-type) is an advanced
type under stress conditions or under low nutrient
conditions, because mycelial ring maybe a signal
controlled by the plant. Vesicles and spores were
rare in both treatments. Regarding the colonization
effectiveness, given that 1) arbuscules are the
main nutrient exchange sites in fungus-plant
symbiosis and 2) vesicles/spores are a substantial
carbon sink for the fungal network development,
especially the external one [23], the poorly
developed or degenerated arbuscules, as well as
the rareness of vesicles/spores in G or GB plants,
possibly resulted in a low colonization
effectiveness.

G. intraradices gene expression. G. intraradices
can develop Paris and mycorrhizal types and
sometimes simultaneously [27]. The development
of mycorrhiza during experimental time showed a
delay in the formation of G. intraradices fungal
strXFWXUHVLQKDORSK\WH¶VURRW*DOLQGR-Castanieda
and Romero [27] reported that, G. intraradices,
only until the second month did develop both
Arum-type and Paris-type colonization in oil
SDOP¶VURRW$OVR<XVUDQHWDO [12] observed high
% mycorrhizal colonization in tomato root three
months after plant inoculation with G.
intraradices. It is obvious that, under the
experimental conditions, a period of more than
three months is needed for the establishment of G.
intraradices LQ KDORSK\WH¶V URRW D UDWKHU VORwer
pace compared to the aforementioned reports. A
possible explanation for this is that, the ring-like
mycelium formation of Paris-type takes longer
time than Arum-type [28]. The domination of
Paris-W\SH P\FRUUKL]D LQ KDORSK\WH¶V FRORQL]HG
root could be also explained by the fact that,
hyphal coils of this morphotype have larger
interface for nutrients transfer between coils and
host cell cytoplasm than Arum±type arbuscules
[29]. Moreover, the mycorrhiza morphotype is
relative to herbaceous plant succession. A longer
plant invasion period and a longer mycelial
growth period, provide the basis for the formation
of the ring-like mycelium of Paris-type [30]. The
slow Paris-type colonization is beneficial for host
plant to maintain a low energy supply, which is
conductive to its growth and development. In
nature, Paris-type morphology has been more
often seen in plants of natural and semi-arid
ecosystems [23] like areas where C. maritimum
commonly grows. Given that, C. maritimum is a
perennial herbaceous plant, growing in stressful
natural environments e.g. coastal areas, and also

TABLE 1
Means and standard errors of C. maritimum root colonization (as estimated by number of arbuscules,
vesicles, hyphae and spores per 10 intersections) by G. intraradices inoculation or G. intraradices + B.
amyloliquefaciens FZB42 inoculation, after 238 days.

G. intraradices (n=30)

arbuscules
58.8±5

vesicles
1±0.4

hyphae
64±3.5

spores
3.1±0.8

G. intraradices +
B. amyloliquefaciens FZB24 (n=27)
28.8±2.7
0.0
98.5±6.9
2.6±1.0
t
4.79855
4.63964
0.84509 Z
P
<0.001 *
<0.001 *
0.4 (NS)
Z
Data transformed (N corrected = (n+0.5) -2) before analysis. * Means in the column are significantly
different at P=0.05 as determined by t-test. NS Means in the column are not significantly different at P=0.05
as determined by t-test
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FIGURE 1
Morphology and sites of C. maritimum root colonization by G. intraradices.
A: Root hairs colonized by G. intraradices (×400, CBE stain).
B: Small sponge-like hyphal coils of G. intraradices in the cortex cells (×1000, lacto-phenol cotton blue
stain).
C, D: Arum-Paris-type colonization of C. maritimum root by G. intraradices (×400, CBE stain).
E, F: Amyloplasts with many starch granules colonized by G. intraradices (×1000, lacto-phenol cotton blue
and iodine stain).
G, H: Secretory canals with hyphal infection (×400 and ×1000 lacto-phenol cotton blue).
I, J: Secretory canals highly colonized by G. intraradices in the root cortex. Notice the secretory product in
the duct (×400 and ×1000 lacto-phenol cotton blue stain).
K, L: High number and rearrangement of starch granules around colonized root secretory canals by G.
intraradices (×1000 and ×400, lacto-phenol cotton blue stain).
a: arbuscules, h: inter hyphae, hc: hyphal coils, ih: intra-cellular hyphae, sc: secretory canal, sg: starch
granules, v: vesicles, black arrow: rearrangement and high number of starch granules, white arrow: fungal
colonization.
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c) Localization of colonization sites: ǿQ C.
maritimum root cortex were detected abundant
amyloplasts and also many round and elongated
secretory canals forming concentric rings in the
cortical layer. In the halophyte, except for root
hairs (Fig.1A) and parenchyma cortex cells,
amyloplasts (Fig.1E, F) and cells of secretory
canals (Fig.1G, H) were found colonized by G.
intraradices ZKLFK GLGQ¶W GHVWUR\ WKHLU VWUXFWXUH
Generally, secretory cavities serve as biosynthesis
and storage sites of biologically active secondary
products. Close to root secretory canals in G, GB
plants was observed high colonization of G.
intraradices (Fig.1I, J). Furthermore, a high
number and a rearrangement of amyloplasts were
observed in close proximity of fungal hyphae
(Fig.1F) and secretion canals of the cortex
(Fig.1K, L). In G, GB plants close to secretory
canals, amyloplasts were in abundance, compared
to B and control plants. The high colonization of
secretory canals by the fungus probably is due to
the higher demand for nutrients, via the fungal
pathway, considering that cells have high
metabolic activity during the production of the
secretory products. Similar explanation could be
given for the higher existence of amyloplasts and
their rearrangement observed close to colonization
sites and secretory canals in the inoculated plants
compared to controls. Possibly, a higher
proliferation and a rearrangement of amyloplasts
took place close to aforementioned sites, due to
the higher demand for amyloplasts products.
These results are in accordance with the reports of
Fester et al., [32] and Lohse et al. [33].
Specifically, Lohse et al. [33] reported that,
massive proliferation of plastids was detected in
colonized root cortical cells compared to noncolonized cells due to the higher demand for
SODVWLGV¶SURGXFWVHJIDWW\DFLGVamino acids and
nucleotides. Similarly, Fester and al., [32] reported
a reaUUDQJHPHQWRIURRW¶VDP\ORSODVWVDURXQG$0
hyphae.
The histological examination of control
plants showed no colonization of root cells by G.
intraradices, but some root invasions by other
fungi (e.g. dark septate) were detected. The
inoculated plants regaUGOHVV LQRFXOXP GLGQ¶W
present such infections.
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successfully established in & PDULWLPXP¶s
rhizosphere, which is the key event, required for
optimal expression of biocontrol and biofertilizer
activities by beneficial rhizobacteria [34]. In
addition, the presence of G. intraradices had no
significant effect on rhizosphere colonization by
B. amyloliquefaciens FZB42. The lack of
differences between B and GB treatments in every
VDPSOLQJ SURYHV WKDW WKH P\FRUUKL]D GLGQ¶W
influence
B.
amyloliquefaciens
FZB42
UHSURGXFWLRQ DQG GLVWULEXWLRQ LQ KDORSK\WH¶V
rhizosphere.
The results in Fig. 2B show that 65 days after
1st inoculation with B. amyloliquefaciens FZB42,
CHB population in B plants rhizosphere remained
the same compared to control, whereas in plants
treated with G. intraradices or in combination
with the beneficial rhizobacterium, a significant
increase of CHB population was observed in both
treatments. After 90 days post inoculation, the
CHB population was a little higher, but no
significant difference was observed between
treatments. Finally, 226 days post 1 st inoculation,
total populations of CHB in plants rhizosphere
decreased compared to CHB populations observed
at the first two samplings. Specifically, plants
inoculated only with B. amyloliquefaciens FZB42
or in combination with G. intraradices, presented
lower CHB populations than those of other
treatments. The above findings show that CHB
population associated with & PDULWLPXP¶s
rhizosphere was positively influenced by the
presence of the mycorrhizal fungus only at the
beginning of colonization. This impact on CHB
population may be related to changes of the
composition and the quantity of root exudates that
plants produce when they are colonized by AM
fungi. The root exudates serve as nutrients to
bacteria associated with the rhizosphere [35, 36].
Furthermore,
the
extraradical
mycorrhizal
mycelium releases substances into the soil [37,
38]. Thus, the mycorrhiza formation can affect the
microbial population in the rhizosphere either
directly or indirectly via the host. This
phenomenon was termed by Linderman [39] as the
³P\FRUUKL]RVSKHUH HIIHFW´ ,Q FRQWUDVW ZLWK WKH
positive effect of G. intraradices on CHB
population, B. amyloliquefaciens FZB42 had a
negative effect on CHB population that was only
observed at the third sampling (226 days post 1 st
inoculation). This is probably due to the
accumulation of substances with antibacterial
activity that B. amyloliquefaciens FZB42 secreted
in the rhizosphere [40]. The CHB population in
the rhizosphere samples of the 3 rd sampling
(winter time) was lower than in those of the 1 st
and 2nd samplings, which were taken in July. This
bacterial population decrease was expected, due to
the influence of seasonal soil temperature

C. maritimum rhizosphere colonization by
B. amyloliquefaciens FZB42 and culturable
heterotrophic
bacteria
(CHB):
B.
amyloliquefaciens
FZB42
populations
in
rhizosphere of inoculated plants (B and GB) (Fig.
2A) were decreased and stabilized around 1.3x10 4
CFUs g-1 dry soil. However, higher bacterial
concentrations were measured in B and GB plants
rhizosphere at the second sampling. These results
revealed that B. amyloliquefaciens FZB42 was
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variations on the bacteria number and activity
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[41].

FIGURE 2
C. maritimum rhizosphere colonization by (A) B. amyloliquefaciens FZB42 and (B) culturable heterotrophic
bacteria. Data represented as means ± s.e. (n=9). Different letters and numbers in the columns indicate
significant differences between the treatments (t-test, p<0,05).
All the bacterial isolateV GLGQ¶W LQGXFH WKH
HR in tobacco leaves, so they were saprophytic
[19].

versicolor,
Rhizopus
stolonifer
and
Fusarium/Penicillium spp.) compared to other
treatments. No domination of specific fungal
species was detected in control plants rhizosphere.
Generally, in all treatments, the fungal populations
RI SODQWV¶ UKL]RVSKHUH ZHUH ORZ FRPSDUHG WR VRLO
populations that have being reported [42]. This
result is expected because, as a growth substrate, a
sterilized mixture of peat-vermiculite was applied
and not soil with its rich natural mycoflora. The
lower populations and lower species diversity of
saprophytic mycoflora in the rhizosphere, as well
as, the absence of root infection by dark septate
fungi in inoculated plants compared to control
plants, indicate that, inoculating C. maritimum
with these symbiotic microorganisms solely or in
combination could provide a better protection of
the plant from possible infection by parasitic or
pathogenic
fungi
especially
in
natural
environments.

Mycoflora determination: The quantitative
determination of fungal population in the
rhizosphere of inoculated plants (G, B, GB) ranged
from 3.1x102 to 3.2x103 CFUs gr-1 dry soil.
Control plants presented higher fungal population
than inoculated plants regardless inoculum,
ranging from 1.5 x10 4 to 6.1 x104 CFUs gr-1 dry
soil. The fungi isolated from rhizosphere in all
root samples belonged to widespread and common
saprophytic species frequently isolated from soil,
decaying wood and plant tissues. In particular, in
inoculated plants, most of fungal isolates belonged
to Fusarium (range from 5.1 x10 2 ±0.3 to 8.37
x102 ±0.3 CFUs g-1 dry soil) and Penicillium
(range from 4.12 x10 2 ±0.2 to 4.8 x102 ±0.2 CFUs
g-1 dry soil) species. Fusarium species dominated
only in G plants rhizosphere. Few isolates of the
yeast Rhodotorula rubra and the nematoid fungi
Curvularia lunata and Aspergillus versicolor were
found. Finally, in control plants the mycoflora
presented the highest variation at the genus and/or
species
level
(e.g.
Curvularia
lunata,
Cladosporium
cladosporioides,
Aspergillus

The effect of symbionts on plant growth
and nutrition: In this study, it has been found that
plant
inoculation
exclusively
with
B.
amyloliquefaciens FZB42 had a positive influence
on C. maritimum height during the period of
measurements as it is shown in Fig. 3.
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FIGURE 3
Effect of treatments on plants height (cm) 11-32 weeks after 1st inoculation:
Means ± s.e. followed by an asterisk are statistically different compared to other treatments, according to
FiVKHU¶V /6' /6' S   $EEUHYLDWLRQV & FRQWURO SODQWV * SODQWV LQRFXODWHG E\ G. intraradices, B:
plants inoculated by B. amyloliquefaciens FZB42, GB: plants inoculated by G. intraradices and B.
amyloliquefaciens FZB42.
and G plants (LSD = 0.281) 30 weeks post 1 st
inoculation. Regarding foliar concentrations of
nutrients, C. maritimum had a different nutrient
uptake depending on the treatment (Fig.5).
Nutrients concentration analysis in C. maritimum
leaves revealed that B. amyloliquefaciens FZB42
increased
phosphorus
and
magnesium
concentrations compared to other treatments (LSD,
p<0.05).
The
beneficial
effect
of
B.
amyloliquefaciens FZB42 on plant root [22] and
height, as well as on P and Mg absorption, is
probably related to its ability to produce 1)
phytohormones e.g. IAA [43] which benefit the
plant root system and increase the access to
nutrients in the soil [9] and 2) phytase [44] which
liberates P from phytate and increases the
availability of phytate-chelated nutrients such as
Mg [45]. It is also reported that B.
amyloliquefaciens produces other enzymes which
cause P release from organic matter [46].

In particular, the difference was statistically
significant compared to control plants (LSD
p=0.044) from the 16th week post 1st inoculation,
and to GB treated plants (LSD p=0.017) from the
22th week respectively till the end of measurements
(LSD p=0.031, LSD p=0.005). Plants inoculated
with B. amyloliquefaciens FZB42 presented also
statistically greater height compared to G plants
from 20th (LSD p=0.037) to 25th week (LSD
p=0.031) post 1st inoculation, but at the end of
measurements, the difference was statistically not
important (LSD p=0.374). Regarding the effect of
two symbiotic microorganisms on the total
number of C. maritimum leaves (Fig. 4), GB
plants had significantly lower numbers of leaves
compared to control and B plants after 20 weeks
(Fig. 4A) (LSD p= 0.035, LSD p= 0.023) and 30
weeks (Fig. 4B) (LSD p=0.05, LSD p= 0.022)
post 1st inoculation. It is noted that no statistically
important differences were observed between B
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FIGURE 4
Effect of treatments on plants total leaves (means ± s.e.) 20 weeks (A) and 30 weeks (B) after 1 st
inoculation. Columns followed by the same letter are not differ significantly (p<0.05) according to )LVKHU¶s
LSD test. Abbreviations: C: control plants, G: plants inoculated by G. intraradices, B: plants inoculated by B.
amyloliquefaciens FZB42, GB: plants inoculated by G. intraradices and B. amyloliquefaciens FZB42.

FIGURE 5
Effect of treatments on C. maritimum.dry leaves nutrients concentration (means ± s.e.).
C: control plants, G: plants inoculated by G. intraradices, B: B. amyloliquefaciens FZB42, GB: G.
intraradices + B. amyloliquefaciens FZB42. Columns followed by the same letter are not significantly
(p<0.05) different according to )LVKHU¶V/6'WHVW

The concentration of Cu in C. maritimum
leaves showed a high increase of the nutrient, in
plants inoculated with both microorganisms, while
control plants and plants treated solely with each

symbiotic microorganism had much lower
concentrations. Göhre and Paszkowski [47]
reported that G. intraradices has Cu-transporters.
Furthermore, AM fungi secrete glycoproteins e.g.
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globalin that binds metals in the rhizosphere, so
they can be absorbed via the fungus. The binded
metals are released to the periarbuscular interface
into the root cells and they are taken up by the
plant-encoded transporters [47]. Therefore, the
combination of a better access to nutrients due to
URRW¶V
JURZWK
HQKancement
by
B.
amyloliquefaciens [22], with the globalin released
from the mycorrhizal fungus, resulted in a much
higher Cu absorption from C. maritimum.
The determination of foliar Na concentration
showed that, B. amyloliquefaciens GLGQ¶WDIIHFW1D
absorption. Na concentration was found
significantly decreased in G plants and also in GB
plants in comparison with control plants. These
findings are in accordance with the report of
Beltrano et al. [48], in which, the colonization of
pepper plant by G. intraradices, decreased Na uptake compared to non- colonized plants.
Grigoriadou and Maloupa [49] reported that, in
vitro culture, the shoot proliferation of this C.
maritimum ecotype was gradually reduced at
higher NaCl concentrations, and therefore the
decrease of foliar Na concentration in G, GB,
could be an indication that the plant inoculation
with G. intraradices could improve its growth
under possible salinity stress. In contrast with the
aforementioned findings on nutrients foliar
concentration, the inoculation with G. intraradices
and B. amyloliquefaciens FZB42 alone or in
FRPELQDWLRQ GLGQ¶W DIIHFW &D . 0Q =Q DQG )H
up-take. In the bibliography, it is known that large
portions of P, Zn and Cu are taken up through
mycorrhizal fungi but the effect of mycorrhiza on
the Fe, K, Ca, Mn and Mg up-take is not
straightforward [50].
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number and Na concentration in leaves, whilst it
increased significantly the foliar Cu concentration.
The high infectivity of G. intraradices GLGQ¶W
correlate
with
the
fungal
colonization
effectiveness. Nevertheless, the high percentage of
G. intraradices infectivity and the differences of
the arbuscules/arbusculate coils number between
treatments, in addition with the changes of Na
(G/GB plants) and Cu (GB plants) foliar
concentration compared to control plants, may
indicate a responsiveness of C. maritimum to G.
intraradices colonization and an ability of the
fungal partner to retain bargaining power. Further
investigation is required to specify the optimal
conditions under which this symbiosis could be
more beneficial to the halophyte. The fact that, G.
intraradices
decreased
Na
dry
leaves
concentration could be an indication that the plant
inoculation with the fungus may contribute
positively the plant growth in soils that exhibit
high salinity. The increased foliar Cu
concentration observed in plants inoculated with
both symbionts, could give a potential to C.
maritimum to be used for a low cost
phytoremediation of ecosystems of high salinity or
not.
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CONCLUSIONS
In conclusion, this study is the first report on
the symbiosis of a Greek indigenous C. maritimum
species
with
G.
intraradices
and
B.
amyloliquefaciens FZB42. The AM fungus
demonstrated an intermediate Arum-Paris-type
colonization with specific characteristics. The
P\FRUUKL]D GLGQ¶W LQIOXHQFH B. amyloliquefaciens
)=% HVWDEOLVKPHQW LQ KDORSK\WH¶V UKL]RVSKHUH
On the contrary, an initial positive effect of the
fungus on culturable heterotrophic bacteria
associated with plant rhizosphere was detected.
Lower populations and lower diversity of
saprophytic fungi were observed in the
rhizosphere of inoculated plants, compared to noninoculated plants. B. amyloliquefaciens FZB42
had a positive effect on plant growth rate and P,
Mg foliar concentration. G. intraradices reduced
Na in plant leaves. The combination of two
symbionts had a negative impact on plant leaf
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PORPHYRAZINE IMMOBILIZATION ON POLYESTER
FABRIC AND HETEROGENEOUS CATALYTIC
APPLICATION ON OXIDATION OF 2-MERCAPTOETHANOL
Hüseyin Karaca, Nevin Akçay, Murat Teker
Department of Chemistry, Sakarya University, 54187 Sakarya, Turkey

applications of porphyrazines are not studied as
many as the phthalocyanines however in recent
years it has increased the number of research on
porphyrazines [2]. Porphyrazines can be dissolved
more easily compared to the phthalocyanine and
their solubility can also be enhanced modification
to the peripheral substituents [3].
Dyeing of textile materials is connected to the
dyestuffs diffuses into the amorphous regions in the
fibers and there dyestuffs are connected to the
polymer
molecules
by
chemical
and
physicochemical forces. This event is dependent on
the nature of the dye and polymer molecules. Dye
molecules that are settled in the amorphous region
are connected by various bonds to the polymer that
forms the fibers. The strongest bonds between dye
molecules and fibers are chemical bonds. Reactive
dyestuff are linked to cellulosic fibers and proteins
by covalent bonds. The acid and basic dyes are
bonded with ionic bonds to protein and acrylic fiber
[4, 5].
Azo dyes are the largest group in the
classification according to their chemical structure.
The only disadvantage of the azo dyes are not dull
colors in the blue-violet range but this disadvantage
is resolved with the use of heterocyclic compounds
were obtained brighter colors in the color space [6].
The biggest advantage of cationic dyestuff caused
by the brightness of the steep and narrow
absorption band and in very low concentrations in
order to obtain high color intensity, and thus a low
cost [7]. There is no migration ability of cationic
dyes there are two methods for proper dyeing: use
of high temperature in between 80-90 ºC and use of
retardants [7]. Cation dyes absorbed on the
negatively charged fiber surface thus the negative
charge of fiber is neutralized. Decolorization of
some commercial dyes were studied in literature [8,
9].
Electrocatalytic oxidation of organic sulfurcontaining compounds are subjected of extensive
studies. The electrooxidation of 2-mercaptoethanol
by iron phthalocyanine adsorbed on graphite
electrodes [10] and by monomeric and
electropolymeric cobalt tetra-aminophthalocyanine
films [11]. The planarity and the conjugated
structure of the phthalocyanines are the primary
factors on the elimination of the thiols. There are
two axial coordinating point for the catalytic

ABSTRACT
The removal of the thiol compunds is very
important in terms of the prevention of
environmental pollution. Catalytic oxidation of 2mercaptoethanol taking place on porphyrazine
catalyst that has been immobilized on the fabric
was investigated in this research. Experiments at
different pH and temperature at five different
concentrations of dissolved mercaptan was
followed by continuously measuring the oxygen
concentration in the solution. Obtained results are
very well when compared to literature.
Immobilization the porphyrazine on fabric by
cationic dyeing process does not change the
catalytic effect on the oxidation of 2mercaptoethanol. So porphyrazines can be used by
immobilization on the fabric by dyeing as catalysts.

KEYWORDS:
Porphyrazine, textile, textile dyeing, immobilization,
catalysis

INTRODUCTION
The investigations about tetrabenzopophyrins
and porphyrazines are limited on the contrary
phthalocyanines are investigated in dyes and
pigments and in different technological applications
and porphyrins are investigated in practice of
biochemistry. Last decade the ease of synthesis
metods, as well as many features that make the
similarities in terms of the phthalocyanines
porphyrazine agenda and has become the subject of
numerous articles [1]. Some derivatives of
porphyrazines such as phthalocyanines have wide
areas of practice. Phthalocyanine molecule is fairly
tight structure is composed of four iminoisoidol
core. Template effect of metal ions in the
environment during the preparation of the metalcontaining phthalocyanine (routing) provides a high
yield of the product [2]. In porphyrazine as in
phthalocyanine he has received priority conducted
by the Linsted group study in the UK [3]. One of
the most important characteristics of porphyrazine
and phthalocyanine is a strong oxidizer. The
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reaction. Also aromatic rings both donor and
acceptor also play a role. When molecular oxygen
is connected to the one axis mercaptan will connect
to the other axis there oxidation will take place
[12]. Regardless of which method the oxidation of
mercaptans react mercaptan / molecular oxygen
ratio seems to be 4/1 [13,17].
4 RSH + O2
ĺ5S-SR + 2 H2O
The decrease of the dissolved oxygen is used
to calculate the oxidation rate of the mercaptan.

MATERIALS AND METHODS
FIGURE 1
Fabrics after dyeing.

All experimental studies of this work were
realized in a pre-heated glassware which was
heated at 150 oC for 1h and then was cooled under
inert atmosphere of nitrogen. All of the fine
chemicals were bought from commercial suppliers
and
used
without
further
purification.
CYBERSCAND100 oxygen meter is used to
determine dissolved oxygen in the reactor. HANNA
Instruments pH meter is used for pH adjustment. In
this research the oxidation of 2-mercaptoethanol
was examined in terms of effect of concentration,
pH and temperature.

The tests were achieved in the solutions by
adding 50, 100, 150, 200 ve 250 PL mercaptan
prepared in pH=7 and at 25 °C. Then the reaction is
followed by measuring the dissolved oxygen.

TABLE 2
The mercaptan concentrations.
Mercaptan
Volume
50 PL
100 PL
150 PL
200 PL
250 PL

TABLE 1
The initial concentration of porphyrazine and
percentage of dye absorption of the each fabric.
Fabric
Number
1
2
3
4
5
6

Initial dyeing
concentration (ppm)
4.70
7.42
9.80
12.32
14.84
19.88

Dye absorption
(%)
16.0
17.0
12.4
14.6
25.2
25.4

Concentration
3.58x10-3 M
7.15x10-3 M
1.07x10-2 M
1.43x10-2 M
1.79x10-2 M

Effect of Temperature. To examine the effect
of temperature change two different temperatures
were chosen at pH = 7 and tests were made at
different mercaptan concentrations. It is not studied
at higher pH because the reactions at higher pH
ZHUHVRIDVW6RZHFRXOGQ¶WGHWHUPLQH the effect of
teperature to the reaction rate. 30 ve 35 oC were
chosed for temperature effect.

Dyeing of Polyester Fabric: Immobilization
of Porphyrazine as Dyestuff. Polyester fabric
(42% Polester, 58% Acrylic) was dyed in certain
concentrations of porphyrazine as dyestuff. The
dyeing media contains 2 g/L egalizator, 6 g/L salt,
120 °C and 2 g fabric. Dyeing time is 60 minutes.
There are 6 fabric clothes used for dyeing then
heterogeneous catalizor and all they are 2 grams.
Table 1 shows the initial concentration of
porphyrazine as dye and percentage of dye
absorption of the each fabric. Figure 1 shows the
pictures of fabrics after dyeing.

RESULTS
In this study a porphyrazine derivative
[Oktakis(2-trimetilamonyumetiltiyo)
porfirazinatokobalt(II)] oktaiyodür (QCoPz) (figure
2) [14] immobilized on a fabric by dyeing was used
for oxidation of 2-merkaptoetanol.
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TABLE 3
The initial reaciton rates obtained at 30 ve 35 oC.

FIGURE 2
Porphyrazine immobilized on farbric by dye
[14].

50 PLmercaptan

100 PL mercaptan

Fabric
Number

35 oC

30 oC

35 oC

30 oC

6
5

1 x10-7
2 x10-7

4 x10-8
4 x10-8

5 x10-7
3 x10-7

2 x10-7
6 x10-8

4

7 x10-7

1 x10-7

3 x10-7

4 x10-8

3

9 x10-7

2 x10-7

8 x10-7

1 x10-7

2
1

4 x10-7
2 x10-7

9 x10-7
2 x10-7

3 x10-7
3 x10-7

3 x10-7
2 x10-7

The removal of the thiol compunds is very
important in terms of the prevention of
environmental pollution. To carry out this process it
should be known the reaction conditions. Catalytic
oxidation of 2-mercaptoethanol taking place on
porphyrazine catalyst that has been immobilized on
the fabric was investigated in this research.
Experiments at different pH and temperature at five
different concentrations of dissolved mercaptan was
followed by continuously measuring the oxygen
concentration in the solution. Reaction tracking was
made by determination of dissolved oxygen
remaining in the solution and various computations
and comparisons were made by depending on this
data.
pH Related Results. Experiments were
realized on pH 8, 9 and 10 against the five different
mercaptan concentration (50, 100, 150, 200 ve 250
PL Table 2). After the calculations it can be seen
from figure 3 that catalytic effect is maximum at
pH=9.
Catalytically active sites showed no change
can be assumed when porphyrazine molecule
connected to the fibers. Karaca's study also gives
as the high catalytic effect of pH = 9 [15].
Maximum speed is defined as Ro = k3 because high
substrate concentrations. In this study, catalyst is
not free as in homogeneous catalysts environment
because it is bound to the fabric. So it cannot
undergo as in a homogeneous environment of the
catalytic mechanism. This operation was repeated
several times. The reaction pH = 9 takes place
faster than against the lower pHs. Because the
actual reactive species that thiolate ion (RS-) occurs
in high pH (pKa = 9.60 for 2-mercaptoethanol)
[16]. This accelerates the reaction.
Temperature Related Results. All 6 fabric
was used in the experiments carried out at 30 ve 35
o
C. The reaction rates obtained from the
experiments showed that the reaction at 35 oC is
faster. The results can be seen from Table 3.
Depending on the temperature of the reaction rate
can be seen from table 3. When temperature
increases initial reaciton rate Ro are increases.

FIGURE 3
Initial reaction rates (Ro) obtained from 5, 4 and
3 numbered fabrics at pH = 8, 9, 10 by adding
50, 100, 150, 200 ve 250 PL Mercaptan
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CONCLUSION
It is seen that the maximum of the rate of the
reaction is pH=9. Karaca's homogeneous catalysis
work in [15] gave the similar results. Thus by the
binding of the catalyst to the fiber catalytic
properties are not change. When initial reaction
rates depending on temperature (Ro) are analyzed
Ro value has increased by the increase of
temperature. Overall there was a uniform dyeing
occurred in dilute media. The results of the studies
catalytic oxidation of 2-mercaptoethanol was
realized by using the fabric dyed by catalyst. The
catalyst connected to the fiber continued the
catalyst effect. Results of the study mentioned
above gave similar results with other studies
[15,17,18]. The catalytic value obtained with
phthalocyanine and porphyrazine is similar. When
the dyeing of fabrics was made at higher
concentrations it is expected to provide more
efficient results.
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OPTIMIZATION FOR A POLYSACCHARIDE
BIOFLOCCULANT PRODUCTION
BY GEOTRICHUM CANDIDUM J-5
Ying-Xin Wan, Jing-Yi Zhang, and Nan Li
The College of Arts and Sciences of Beijing Union University, Beijing, 100083, China

10], glycoprotein [11-14], proteins [15, 16], or
others [17]. However, they have the common
problem of high production costs compared with
the synthetic flocculants, because relatively
expensive substrates necessary for their
production.
In our previous paper, a bioflocculantproducing microorganism Geotrichum candidum
J-5 was isolated and flocculation properties of the
bioflocculant
were
reported
[18].
The
bioflocculant was a polysaccharide consisting of
neutral sugar and uronic acid. To develop costeffective process for exopolysaccharide (EPS)
production, there is need to investigate potential of
micro-organisms using cost-effective medium,
especially wastewater. It is well known that liquor
distillery wastewater are very rich in organic acid,
carbohydrate and nitrogen compounds. The
current work describes the feasibility of EPS
production from Geotrichum candidum J-5 with
the optimization of medium and utilizing of waste
water. The optimum medium and culture
conditions for the production of bioflocculant by
J-5 were investigated. The performance of the
bioflocculation for flocculating and decolorization
were also investigated and discussed.

ABSTRACT
Production of a novel bioflocculant by
Geotrichum candidum J-5 was investigated. Results
showed that the carbon and nitrogen sources
favorable for the production of the bioflocculant
were fructose and NaNO3 separately. This work
utilized the liquor distillery wastewater to produce
bioflocculant, and optimal conditions are initial pH
6.3±7.3, an inoculum size of 4%, 48h cultivation
time. The bioflocculant was mainly composed of
sugar (80.6%), and Fourier-transform infrared
spectrophotometer (FT-IR) indicated that the main
component
of
extracellular
secretion
is
polysaccharide. In addition, J-5 had high efficiency
in decolorizing direct red solutions.

KEYWORDS:
Bioflocculant, Polysaccharide, Geotrichum candidum,
Liquor distillery wastewater

INTRODUCTION
Various flocculants, such as inorganic,
organic high-polymer and natural flocculants,
have been used in wastewater treatment, dredging,
fermentation processes and tap water production
[1, 2]. Inorganic flocculants and organic synthetic
flocculants are widely used due to their high
performance and cost-effectiveness. However,
they give rise to environmental problems because
some of them are not easily biodegraded or some
intermediate products derived from them caused
health problems [3-6]. Therefore, to solve these
environmental
problems,
utilization
of
bioflocculants produced by microorganisms is
essential as an alternative, due to their
biodegradable and harmless to the environment
and humans. There is a growing interest to
investigate biologically based flocculants.
Bioflocculants are a biodegradable polymers
with high particle flocculating capability produced
by microorganisms during their life cycle. It has
been reported that the algae, fungi, and bacteria
produce flocculating agents with various
properties [2, 7, 8], such as polysaccharides [9,

MATERIAL AND METHODS
Microorganism. J-5 producing bioflocculant
was isolated from activated sludge of municipal
sewage plant [18]. The strain was identified as
Geotrichum candidum and was preserved in China
General Microbiological Culture Collection
Center, serial number CGMCC5066.
Medium and cultivation conditions. The
composition of the basic medium was as followed
(per liter): 30 g sucrose, FeSO 4 0.01g㸪K2HPO4
1g (NH4)SO4 1g 㸪 KCl 0.5g 㸪 NaNO3 1g 㸪
MgSO4 0.5g, and the initial pH was adjusted to 8
by NaOH (0.1M) and HCl (0.1M). All media
solutions were prepared with distilled water and
sterilized at 121 0C for 20min. The stock culture
was incubated into a 150 ml flask containing 50
ml screening medium and incubated in a shaker at
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28 0C, 180r/min for 2 days. In the experiments on
the effects of medium composition, only carbon
sources or nitrogen sources were replaced while
the other constituents were kept constant.
Three kinds of wastewater including liquor
distillery wastewater, biscuit factory wastewater
and soy sauce brewing water were used to
investigate the utilization of low-cost medium.
The batch experiments which the effect of pH in
the initial culture media and inoculum size (%,
v/v) were varied to determine the optimum culture
conditions. In the batch experiments, the
flocculating activity and cell growth were carried
out. Cell growth in flask culture was measured by
reading optical density at 600nm (OD600) in
shake-flask cultures.

activity

(%)

=
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measured using the phenol-sulfuric acid [20] and
Bradford method [21], respectively.
The functional groups of bioflocculant were
analyzed by IR spectrophotometer using a Fourier
transform infrared (FTIR) spectrophotometer
(Nexus 670, Nicolet, US). The dried sample was
blended with KBr powder and pressed into pellets
for FTIR analysis in the frequency range of 4000±
400 cm-1.
Decolorization experiments. Direct red dye
was used in the experiment to investigate the
application of bioflocculants in dye removal. A
dose of 1-25mL bioflocculant and 5 ml CaCl2
solution (20 mg/l) was added to the 500 ml of 50
mg/l dyes solutions, the pH was adjusted to 7 with
HCl. After the addition of bioflocculants, the
compound in the beaker was mixed using a
blender at 200 rpm for 1 min, and then at 60 rpm
for another 5 min. The wastewater was left to
settle for 60 min, and then the supernatant was
taken for analysis.
To determine the dye concentration, a
calibration curve for each dye was first prepared at
five different concentrations, and its absorbance
was measured using a UV±VIS spectrophotometer
at the maximum wavelength (500 nm for direct
red). The residual concentration of the dye in the
samples was then calculated, and the
decolorization efficiency was calculated as
follows:

Flocculating activity assessment. The
flocculating activity was measured using a
suspension of kaolin clay suspension method
according to the method of Kurane et al [2]. A 4g
Kaolin clay and 0.2g CaCl 2 was suspended in
1000 ml deionized water, culture broth (0.01 ml)
was then added to the 50 ml kaolin suspension(4 g
l-1), also, pH of the suspension was adjusted to 7
with 0.1 N HCl or NaOH (0.01 N). The mixture
was vigorously stirred for 1 min and kept still for
5 min. Two millilitres of the supernatant (A) were
carefully removed from the upper layer and its
absorbance (OD550) of the supernatant was
measured at 550 nm in a spectrophotometer.
Similarly, a blank control (B) without
bioflocculant was applied. The fractional
flocculating was calculated according to the
following formula:
Flocculating
(1)



Decolorization efficiency (%) = (C0-C)/C×100%
(2)
where C0 is the initial dye concentration and C is
dye concentration after the flocculation treatment.

(B-A)/B×100%

Scanning electron microscopy (SEM). A
drop of Kaolin clay after flocculation was added
to a slide, and it was fixed by air drying. The fixed
specimen was coated with osmium and examined
with a LEO1450VP scanning electron microscope
(SEM) (Leo, German).

Higher flocculating capability indicated
greater removal of fine particles on settling.
Measurement
of
physicochemical
properties of bioflocculant. Purification of the
bioflocculant was followed by Kellems and Lion
[19]. Briefly, the culture broth was centrifuged at
12000 rpm for 20min to remove cells. The
supernatant was used as the source of
bioflocculant. Three volumes of cold ethanol (4
0
C) were added to the supernatant and left
overnight at 4 0C followed by recovery of the
precipitate by centrifugation (4000rpm, 15min).
The precipitate obtained was rinsed by ethanol
(75%) repeatedly, then dialyzed in distilled water
for 24 hours and freeze-dried to obtain the crude
partially purified biopolymer. The crude
bioflocculant produced by J-5 was used to further
studied. Total sugar and protein content were

RESULTS AND DISCUSSION
Effect of medium components on
bioflocculation. Carbon and nitrogen sources
have been reported to have an important impact on
the production of bioflocculant [22]. The
composition of medium including carbon source,
nitrogen source was optimized. Table 1 shows the
production of bioflocculation after 48h cultivation,
with various carbon sources (glucose, fructose,
maltose, ethanol, soluble starch, sucrose) at the
same concentration (30mg/L). It is evident that
glucose, fructose, ethanol and sucrose were
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suitable for the production of bioflocculant by J-5,
with the flocculating activity exceeding 85% after
48h cultivation. Fructose was the best carbon
source for the production of the bioflocculant, and
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the flocculating activity achieved was 94.6%.
Soluble starch was not suitable for the production
of the bioflocculant by J-5, and the flocculating
activity was 26.4%.

TABLE 1
Effect of composition of medium on the bioflocculant production
Carbon source
Flocculating
activity(%)
Nitrogen source
Flocculating
activity(%)

Glucose
87.6%

Fructose
94.6%

Maltose
77.8%

Ethanol
91.5%

Soluble Starch
26.4%

Sucrose
89.3%

Urea
44.8%

Beef extract
48.1%

Yeast extract
85.9%

Peptone
88.4%

NaNO3
91.2%

(NH4)2SO4
30.6%

Table 1 also showed the flocculation activity
after 48 h cultivation, with 0.2% (w/v) nitrogen
sources (urea, beef extract, yeast extract, peptone,
NaNO3 and (NH4)2SO4). The production of
flocculation was varied. Beef extract, Urea and
(NH4)2SO4 were not favorable for bioflocculant
production. In contrast, peptone, yeast extract and
NaNO3 were more suitable for bioflocculant
production. Further investigation revealed that the
pH of the culture broth reduced to about 2.5 after
24 h cultivation, which inhibited the accumulation
of the bioflocculant. In the case of A. parasiticus,
corn starch, corn starch and peptone are the best
carbon source and nitrogen source for the
flocculant production [23]. For Serratia ficaria,
lactose was the optimal carbon source, beef
extract and yeast extract were more suitable for
bioflocculant production [24]. It is evident that the
sucrose and yeast extract are the optimum carbon
and nitrogen source separately for Enterobacter
cloacae WD7 [25].

Utilization of some cost-effective medium.
Bioflocculants may be produced by means of
some low-cost fermentation medium [26]. Three
kinds of wastewaters collected were used as a
substrate for the production of bioflocculant.
Fresh waste fermenting liquors were collected just
before the tests. To account for the effects of COD
of different batches of waste fermenting liquors,
the normalized flocculating capabilities were
reported (Table 2) and pH was adjusted to 6.5. J-5
could hardly grow on soy sauce brewing
wastewater, which led to relatively low
flocculating activity, while biscuit factory
wastewater and liquor distillery wastewater were
deemed as suitable substrates for bioflocculant
production. The highest flocculating activity of
94.3% was observed for the liquor distillery
wastewater medium. Therefore, liquor distillery
wastewater is a candidate of low cost substrate for
bioflocculant production.

TABLE 2
Characteristics and utilization of three low-cost culture mediums

COD(mg/l)
TN(mg/l)
Flocculating activity (%)

Liquor
wastewater
1239
384
94.3

distillery

Biscuit
wastewater
820
182
89.2

factory

Soy
sauce
wastewater
920
523
65.2

brewing

cause the lack of dissolved oxygen and effect on
the product formation. In the meantime,
insufficient inoculum result in prolonging the
cultivation time and reducing the productivity of
the fermenting.
In Geotrichum candidum J-5 cultures, the
cell growth and flocculating activity at different
inoculum sizes (%, v/v) was investigated. Fig. 1
indicated that both the cell growth and

Optimization of culture conditions for
fermentation. Inoculum size is an important
parameter in the production of bioflocculant 㸪
which have greatly effect on not only cell growth
but also product formation [27, 28]. The large
inoculum can shorten the time of the mycelium
propagation and advance the production of
bioflocculation. However, over inoculum will
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bioflocculant activity were affected by inoculum
size. The initial bioflocculant growth and activity
increased with inoculums size. At the inoculum
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size of 4%, the maximum flocculating activity of
94.1% was obtained after 48h of growth.
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FIGURE 1
Effect of inoculum size on the bioflocculant production

However, a further increase in inoculums size
did not result in any higher bioflocculant activity.
These results were in agreement with previous
findings [28]. A similar phenomenon was
observed in P. frutescens cell cultures for
anthocyanin production [27]. As a result, an

inoculum size of 4% was used in all subsequent
cultures.
The effect of the initial pH of the liquor
distillery wastewater medium on the flocculating
ability of the culture broth was examined (see Fig.
2).
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FIGURE 2
Effect of pH on the bioflocculant production using liquor distillery wastewater.

Over the pH range of 5±9, the highest
flocculating activity was 95.1%. The optimal pH

for the bioflocculant production was in the range
of 6.3±7.3. This was within the optimum pH range
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(6.0±7.5) for the synthesis of polysaccharides
[29]. Higher pH (above 7.3) and lower pH (below
6.3) led to lower biomass production and lower
flocculating efficiency. It was reported that pH had
more effect on polysaccharide production than on
cell growth [30] and the specific pH affected
directly the synthesis of those enzymes
responsible for bioflocculant production [29].
Sugar uptake depends on external pH. Neutral pH
was more favorable than lower pH for the fungal
synthesis, secretion and accumulation of the
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bioflocculant from Geotrichum candidum J-5.
Acidic conditions gave lower yields because the
polymer could be hydrolyzed at low pH [31]. This
optimum pH for growth and bioflocculant
production from Azotobacter indicus ATCC 9540
[32] and Enterobacter cloacae WD7 was at
7.0[25] while it was pH 6.0 from Klebsiella
mobilis [26]. Therefore, adequate control of pH
value is essential.
Fig. 3 shows that the effect of cultivation
time in fermentation runs.
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FIGURE 3
Comparison between bioflocculants using conventional substrate and Liquor distillery wastewater.
)ORFFXODWLQJDFWLYLW\XVLQJ/LTXRUGLVWLOOHU\ZDVWHZDWHU Ɣ DQGFRQYHQWLRQDOVXEVWUDWH Ÿ &HOOJURZWK
XVLQJ/LTXRUGLVWLOOHU\ZDVWHZDWHU ż and conventional substrate (ᇞ).

The best performance of fermentation time
occurred at 48 hours. Previous reports had shown
bioflocculant production by microbes during log
phase [7, 33], while our studies bioflocculant
production started after 48 h and maximum
production was found at stationary phase. Fig. 3
showed that the flocculating activity was in
parallel with bioflocculant production and they
reached the maximum at 24 and 48h using
conventional substrate and liquor distillery
wastewater, respectively. Higher cultivation time
decreased cell growth and flocculating activity
because it could inhabit the growth of Geotrichum
candidum J-5. The findings indicated that the
bioflocculant was produced by biosynthesis during
its growth, not by cell autolysis [34]. In the initial
cultivation, lower bioflocculant production was
observed and a slight delay before the onset of
maximum occurred when using liquor distillery
wastewater. This could be attributed to the higher
solubility and degradability of the nutriments in
the conventional substrate. In the meantime,

carbohydrates and proteins in the liquor distillery
wastewater are also easily degradable, so the
Geotrichum candidum J-5 could acclimate to the
conventional
substrate
quickly.
Following
acclimation, the flocculating activity and
bioflocculant production were not significantly
affected by using liquor distillery wastewater. In
the fermentation runs of 5 days using liquor
distillery
wastewater,
the
corresponding
flocculating activity was 91.8%. These results
indicate that liquor distillery wastewater, when
used as a substrate, is comparable to the
conventional substrate.
Physicochemical
properties
of
bioflocculant. From the study of the components
of bioflocculant, the total sugar content was 80.6%
(w/w) as determined by the phenol-sulfuric acid
method and no protein was detected by the
Bradford method, indicating that the bioflocculant
was mainly polysaccharide.
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distinct absorption wavelenths at 3255.45cm -1ࠊ
1655.15cm-1 ࠊ1008.73cm-1 and weak absorption
wavelenths around 2410 cm-1 and 1460-1380 cm-1.

To investigate the characteristics of the
bioflocculant produced by J-5, The infrared
spectrum of the sample was taken by a
spectrophotometer in Fig. 4, which showed
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FIGURE 4
Infrared spectra of the Bioflocculant cultured in liquor distillery wastewater

The spectra exhibited a broad O-H stretching
absorption band and C-H stretching band centered
around 3255 cm-1, which were characteristic of
sugar. The peaks observed in the 1600-1700 cm-1
ranges resulted from C=O asymmetrical stretching
band of carboxylate group, which suggested the
presence of an amino sugar. The spectra also
displayed several weak absorption bands at 1380
to 1460, which showed C=O symmetrical
stretching of carboxylate band [35]. The peak
observed in the 1008.73cm-1 was characteristic of
the C-0 stretching band, which are known to be
characteristic of all sugar derivatives [36]. The
spectrum of the crude bioflocculant showed the
presence of hydroxyl, carboxylic ester and
carboxylic acid respectively, namely preferred
groups for most sorption processes [36]. In the
meantime, the absorbance spectra of EPS from
wastewater culture was similar to traditional
culture media [18], which shows the culture of
bioflocculant is not influenced by the culture.
SEM observations were carried out to
elucidate the surface morphology of the EPS after
adsorption of kaolin suspension. As it can be seen
from Fig. 5, after adsorption by J-5, the EPS
enwrapped by the kaolin is like a well-knit net and
separation from water, which reveals the excellent
flocculating performance of J-5 to Kaolin clay.
During the flocculation of Kaolin suspension

using the bioflocculant, Kaolin particles would
adsorb on the active sites in the flocculant
molecules, and result in the formation of some
flocs in which the flocculant molecules acted as a
³EULGJH´>37-39].
Decolorization efficiency of bioflocculant.
Fig. 6 shows the decolorization efficiencies of
direct red, using 1-25mL of the flocculant in 500
mL of 50mg/L dye solution. Although the
decolorization of dye solution were relatively low
in a flocculant dosage of 2ml/L, higher
decolorization were achieved using more
flocculant. The decolorization efficiencies was up
to 91.8 using a flocculant dosage of 20 mL/L. The
result shows the feasibility of using the
bioflocculant from J-5 in wastewater treatment for
dye industries. The dyes used in this study contain
one or more sulfonic groups in a molecule. The
dye molecules in water would exhibit anionic
properties at pH beyond 1.0 [40]. As shown in
above, there were some hydroxyl, carboxylic ester
and carboxylic acid in the bioflocculant
molecules, which would be protonated at lower
solution pH. The hydrophilic sulfonic groups in
the dye molecules could be adsorbed by the
bioflocculant molecules, and the hydrophobicity
of alkyl chains in the anionic dye molecules
increased the stability of the flocs [23].
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FIGURE 5
SEM images of a Kaolin clay flocculated by bioflocculant.
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FIGURE 6
Effect of dosage of bioflocculant on the decolorization efficiency.

apart from conventional substrate. Bioflocculant
was produced by J-5 using liquor distillery
wastewater for the first time, and conditions for its
production were optimized. These flocculants
biologically based may facilitate application in
beer, food, environment management, and

CONCLUSION
This study suggests that use of liquor
distillery wastewater can be a potential alternative
bioresource for production of exopolysaccharide
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industries. In view of above results, fermentation
experiments resulted in 95.1% of flocculating
activity was achieved using conditions of: 4% of
inoculum concentration, pH 6.3-7.3, 48h
cultivation time. The bioflocculant mainly
contained sugar (80.6%). FTIR analysis revealed
the presence of carboxyl and hydroxyl groups,
which have been approved to be the preferred
groups for most sorption processes. The flocculant
produced by Geotrichum candidum (J-5) had good
flocculating ability for both Kaolin suspension and
dyes in our study. SEM images indicate that the
EPS can effectively adsorb the Kaolin suspension
with more binding-sites from the aqueous
solution. The decolorization results indicated that
the bioflocculant was efficient in flocculating
some anionic dyes in aqueous solutions with a
removal efficiency of 91.8% for disperse red with
a flocculant dosage of 50mL/L. The carboxyl and
hydroxyl groups in the bioflocculant molecules
were protonated at neutral solution and were
responsible for the sorption of anionic dye
molecules.
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ASSESSMENT OF MUTAGE1,&$&7,9,7<2)ǺESTRADIOL IN DROSOPHILA MELANOGASTER
A. Abou-Eisha*, Adel E. El-Din and Hassan R. Darwish
Department of Cell Biology, National Research Centre, 33 El-Bohouth St., Dokki, Giza, P.O. Box 12622, Egypt

contraceptives to treat various hormonal imbalances
in women [1]. In recent years, epidemiological
studies have revealed that long term exposure to
estrogens, mainly E2, is one of the main risk factors
for the development of cancer in women [2]. The
exact mechanism by which E2 influences the
initiation and progression of cancer is not well
known. Nevertheless, steroidal estrogen exerts their
genotoxic and carcinogenic effects in mammalian
cells via at least two mechanisms: one, through
stimulation of cell division via an estrogen receptor
(ER) dependent mechanism and the other via
absence of estrogen receptor mechanism [3]. The
ER-independent pathway involves metabolic
activation of E2 by several enzyme activities,
particularly cytochromes P450, to produce highly
genotoxic metabolites [4]. In the latter process,
cytochrome P450 1A1 (Cyp1A1) and cytochrome
P450 1B1 (Cyp1B1) are the most important
enzymes responsible for the metabolism of E2 into
the catechol estrogens 2-hydroxyestradiol and 4hydroxyestradiol, respectively [5]. Only 4hydroxyestradiol was found to be the carcinogenic
metabolite [6]. Successive redox metabolism of this
catechol might eventually bring about the
development of quinones and reactive oxygen
species, which can alter DNA, producing
potentially mutagenic lesions, or prompt
chromosomal abnormalities, which can cause
mutations and induce cancer [4-6].
Drosophila was chosen in this research work
since it is an excellent model system for studying
the effect of E2 in non-ER-mediated mechanism,
because D. melanogaster does not have a functional
ER system [7]. In addition, the use of the fruit fly in
genetic toxicology experiments is time-efficient
allowing for a rapid genotoxic analysis when
compared to rodents, also it has a metabolic action
fit for actuating pro-mutagens and secondary
carcinogens undifferentiated from that of the liver
in mammals [8]. Fruit flies also develop overgrown
tissue that looks very similar to human tumour
when certain genes are mutated. Unlike tissue
culture work, fly tumor can be induced in the
context of intact epithelia, which is comparable to
human tumors [9]. Two in vivo test systems were
used in the present study for measuring DNA
damage and tumor frequency of E2 in somatic cells
of D. melanogaster. To evaluate the genotoxicity of
E2, we utilized the very recently established and

ABSTRACTS
ȕ-estradiol is widely used in pharmacology,
alone or in combination with synthetic progestins,
to treat various types of hormonal imbalances in
women. Medical studies have revealed that long
WHUP H[SRVXUH WR VWHURLGDO HVWURJHQV QRWDEO\ ȕestradiol, is one of the fundamental danger elements
for the development of cancer in women. The aim
of this study was to gauge the possible genotoxic
DQGFDQFHUULVNVUHODWHGWRȕ-estradiol exposure in
Drosophila melanogaster at the somatic level. We
used D. melanogaster, as it is a non-mammalian
model which does not have a functional estrogen
UHFHSWRU DQG KHQFH ȕ-estradiol cannot exert any
effect associated with estrogenic activity in
Drosophila assays. Two in vivo test systems were
used to measure DNA damage and tumor frequency
RI ȕ-estradiol in the body cells of D.
melanogaster. The in vivo comet assay was used to
assess the genotoxicity of estradiol in larval
hemocytes of D. melanogaster, which might detect
primary DNA damage, primarily strand breaks. On
the other hand, the warts-based SMART assay is a
vital genetic examination in Drosophila used to
identify and characterize cancer potential of
FRPSRXQGV 6L[ H[SHULPHQWDO GRVHV RI ȕestradiol were used (ranging from 3 × 10-5 μg/ml to
 JPO  ȕ-estradiol was found to be nongenotoxic at all tested concentrations and failed to
increase the frequency of tumors in the somatic
cells of D. melanogaster. Our findings are
compatible with the hypothesis that steroidal
estrogens are non-genotoxic carcinogens acting via
epigenetic mechanisms.

KEYWORDS:
ȕ-estradiol, genotoxic, tumorigenic, Drosophila
melanogaster, Comet assay, warts-based SMART

INTRODUCTION
Synthetic steroidal estrogens occupy an
important place in hormonal therapy for various
types of sexual disorders in human. 17-ȕ-estradiol
(E2) is one of the most important estrogen fall
under this category and is extensively used in oral
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ZLWK SXULW\   ,W ZDV GLVVROYHG LQ GLPHWK\O
sulfoxide (DMSO, CAS No. 67-68-5, Hi-Media
Pvt. Limited, Mumbai, India) at a final
concentration 0.2% in Drosophila food according to
Nazir et al. [16] act as negative control. The control
larvae received normal Drosophila food. Mitomycin
C (MMC, CAS No. 50-07-7, purchased from was
purchased from Kyowa Hakko. Co. Ltd. (Tokyo,
Japan) used as positive control, was dissolved in
double-distilled water to the concentration used,
just prior to treatment. The concentration of
mitomycin C used in this experiment was based on
studies of the mitotic recombination in D.
melanogaster (third instar larvae), induced by
mitomycin C [17]. Phenylthiourea (PTU, CAS 10385-  SXULW\  ZHUH REWDLQHG IURP 6LJPDAldrich (USA); N-laurosylsarcosine sodium
hydroxide and Triton X-100 were from Fluka
Chemical AG (Buchs, Switzerland); low meltingpoint agarose (LMA), normal melting-point agarose
(NMA), sodium hydroxide and sodium chloride
were from Carl Roth GmbH (Karlsruhe, Germany);
the Ca2+ and Mg2+ free phosphate buffered saline
(PBS), Tris buffer and 4/,6- Diamidine-2phenylindole (DAPI) were from HiMedia
Laboratories Pvt. Limited (Mumbai, India).
The lowest concentrations of E2 3×10-5 and
-4
3×10 μg/ml were calculated to be in the range of
the physiological blood level of estradiol in women.
The concentration of 0.02 μg/ml is comparable to
the blood level following minimal therapeutic dose
of estradiol, 1 μg/ml to the average, and 2 μg/ml to
the maximal therapeutic dose in human medicine.
Finally, 20 μg/ml correspond to 10-fold maximal
therapeutic dose.

adjusted in vivo comet test on hemocytes of D.
melanogaster [10]. This test is an easy and precise
technique for the assessment of low levels of DNA
damage and allowing for the identification of
various types of DNA impairment such as single
and double-strand DNA breaks, alkali-labile lesions
and delayed repair locations [11]. Moreover, to
verify if the changes in DNA prompted by a
substance were not only recombinagenic, but also
enhancer of tumor growth, we applied the somatic
mutation and recombination test (warts-based
SMART) on D. melanogaster to evaluate the
tumorigenic activity of E2 [12]. The Drosophila
warts (wts) gene is similar to human tumor
suppressor gene LATS1, which negatively regulate
cell division when cells reach critical size through
association with cyclin-dependent kinase (Cdk)
(CDC2 in human) (DmCdk1 in Drosophila) at the
mitotic checkpoint between G2/M phase [13,14].
Thus, any mutation that results in lack of function
of both wts alleles will lead to prolonged activation
of the mitotic checkpoint at the G2/M transition
which might cause to development of mutant clones
demonstrating tumors within the cuticle of the adult
flies [14]. The wts-based SMART test is a vital
genetic analysis in Drosophila, used to determine
and characterize carcinogenic efficacious of
compounds [12]. Induction of tumors in wts/ +
heterozygote individuals allows one to draw an
unmistakable picture between the action of a
substance in a SMART test in Drosophila and its
capability of cancer-causing danger to people.
This study aims to investigate the possible
genotoxic and carcinogenic risks associated with
estradiol exposure in the absence of ER system. In
the light of the fact that, D. melanogaster has no ER
reporter system, subsequently E2 cannot exert any
effect related to estrogenic activity in Drosophila
assays. The results could help to clarify the debates
about the mechanism through which E2 exerts their
genotoxic and carcinogenic effects.

Comet assay. Third-instar larvae (72±4 h old)
were transferred to standard Drosophila food
containing different concentrations of E2. Larvae
were fed on this medium during 24±2 h.
0.2%DMSO and MMC were used as negative and
positive controls, respectively. All the experiments
ZHUH SHUIRUPHG DW ƕ& DQG DW60% relative
humidity. D. melanogaster hemocytes were
collected according to the standard technique
proposed by Marcos and Carmona [18]. Chilled
larvae (96±2 h old) were removed from food media,
washed in water, sterilized in 5% bleach and dried.
The cuticle from 40 to 60 larvae was then disrupted
with two fine forceps. The haemolymph and
circulating hemocytes were directly collected in
cold PBS solution containing 0.07% PTU, and
separated in a 1.5mL micro-centrifuge tube. Pooled
haemolymph was centrifuged at 300×g for 10 min
DWƕ&WKHVupernatant was discarded and the pellet
was resuspended in 20 μL of cold PBS.
The comet assay was performed as previously
described by Singh et al. [19], with slight changes.
Cell samples (40,000 cells in 20μL) were

MATERIALS AND METHODS
Drosophila strains. Two D. melanogaster
strains were used: the wild type (Oregon R+) and
the warts (wts/TM3, Sb1). The strain wts/TM3,
Sb1presents one lethal allele wts on chromosome 3,
balanced by a TM3 chromosome, having multiple
inversions, characterized by dominant stubble (Sb)
mutation, phenotypically identified by short bristles
[15]. The flies and larvae in all experiments were
FXOWXUHGDWƕ&ZLWKKXPLGLW\ on standard
Drosophila food containing agar, corn meal, sugar
and yeast.
Chemicals and dose selection. E2 (CAS No.
50-28-2) was purchased from Sigma-Aldrich, USA
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balancer (TM3, Sb1) were analyzed for tumor clones
and they did not have truncated bristles.

carefully resuspended in 140μL of 0.75% LMA,
layered onto microscope slides pre-coated with
150μL of 1% NMA (dried at room temperature).
Two gels were mounted on each slide and covered
with a coverslip. Immediately after agarose
VROLGLILFDWLRQ  PLQ DW ƕ&  WKH FRYHUVOLSV ZHUH
removed and the slides were immersed in cold,
freshly made lysis solution (2.5 M NaCl, 100 mM
Na2EDTA, 10 mM Tris, 1% Triton X-100 and 1%
N-ODXURV\OVDUFRVLQDWH S+   IRU  K DW ƕ& LQ D
dark chamber. Dimethyl sulfoxide (DMSO) was
omitted from the lysis solution, because it has been
considered unnecessary for Drosophila tissues, and
DMSO at low concentrations is cytotoxic in
Drosophila [20, 21]. To avoid additional DNA
damage, the next steps were performed under dim
light. Slides were placed for 25 min in a horizontal
gel-electrophoresis tank filled
with cold
electrophoresis buffer (1 mM Na2EDTA, 300 mM
NaOH, pH 13) to allow DNA unwinding.
Electrophoresis was carried out in the same buffer
for 20 min at 25 V and 300 mA. The unwinding and
HOHFWURSKRUHVLV ZHUH GRQH DW ƕ& After
electrophoresis, slides were neutralized with two
washes of 5 min with 0.4 mM Tris (pH 7.5). The
slides were stained with 20 μL of DAPI (1μg/mL)
per gel. The images were examined at 400 ×
magnification with a Komet 5.5 Image-Analysis
System (Kinetic Imaging Ltd., Liverpool, UK)
fitted with an Olympus BX50 fluorescence
microscope equipped with a 480±550-nm wideband excitation filter and a 590-nm barrier filter.
One hundred fifty cells were examined (25
cells/slide from two slides per experimental group,
three experiments per group). The percentage of
DNA in the tail (% DNA tail) was used to measure
DNA damage, because this is the most widely used
and recommended parameter for comet-data
analysis [22, 23].

Scoring of warts. After metamorphosis, the
individual adults were transferred to a recipient
containing 70% ethanol and males and females with
a genotype (wts/+), which identified by wild
phenotype hairs (long and thin)
were
microscopically examined for a tumor (wart)
presence. Tumor analysis was conducted using a
stereoscopic microscope with an amplification of
25X. Tumors were only recorded when large
enough to be unequivocally classified. The tumor
frequency was calculated as (number of tumors /
number of wts /+ flies) according to Costa et al.
[24].
Statistical analysis. Differences in the
percentage of DNA damage in tail of different
treatment groups were compared with those of the
control, using general linear model (GLM). The
GLM approach is analogous to the traditional
ANOVA, but it allows the use of non-normal data,
which is our case [25, 26]. Before analysis with
GLM, the homogeneity of variance and normality
assumption of data was tested with the Bartlett and
Kolmogorov±Smirnov tests, respectively. The
Tukey HSD multiple comparison for differences
from the control and between all groups. On the
other hand, the statistical significance of the
differences between tumor frequencies in the
treatment and control was calculated using the nonparametric Mann-Whitney U-test. Data were
presented as arithmetic mean ± standard error, and
95% confidence intervals. Statistical significance
was set at P )LQDOO\ GDWD DQDO\VHV ZHUH
performed by use of Systat software version 13.1.

RESULTS AND DISCUSSIONS
Warts-based SMART assay.
To obtain
wts/+heterozygote larvae, virgin females carrying
one copy of the mutant tumor suppressor allele and
a balancer chromosome (TM3, Sb1) were crossed
with wild type (Oregon R+) males as previously
described by Eeken et al. [15]. The eggs of the
descendants were collected during an 8 h period.
After 72 ± 4 h, third-instar larvae were washed in
reverse osmosis water and collected using a fine
mesh sieve. The larvae from this cross were treated
with E2. The larvae were placed in glass flasks
containing standard Drosophila food and E2 at the
different concentrations explained, dissolved in
0.2% DMSO. The larvae were submitted to a
chronic treatment for approximately 48 h.
Mitomicin C (25 μg/ml) was used for the positive
control and DMSO for the negative control.
However, only adult flies, without the chromosome

The different physiologic and therapeutic
doses utilized in experiments to determine
genotoxicity and tumorigenic potentials were
appropriate for larval viability. Viability was higher
than 70% at concentrations ranged from 3×10 5
μg/ml to 2 μg/ml, whereas at 20 μg/ml the viability
was lessen, however sufficient to hold out these
experiments (>50%). Elevated toxicity observed at
20 μg/ml shown in both a lessened proportion of
larvae developing into grown-ups, and a tardiness
within the time wanted for the larvae to develop
into the grown-up stage. E2 concentration equal to
40μg/ml considerably influenced developmental
stages in the phase of larvae progress and
consequently at the stage of pupae emerging. That
high concentration of E2 induced a powerful toxic
effect resulting in a significant decrement in the
number of larvae and pupae. At the highest
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from 3×10-5μg/ml to 20 μg/ml. The results indicate
that none of the tested doses induced a significant
increments of DNA damage represented as the
percentage of DNA in the tail on Drosophila
hemocytes, when compared with the negative
control. Reversely, the positive control with 25
μg/ml of MMC demonstrated a sharp increment of
DNA damage on hemocytes, which strengthen the
legitimacy of the negative results determined during
this work.

concentration of E2 (40μg/ml) the life cycle of
Drosophila was greatly obstructed and the flies
were not able to leave the pupae stages (data not
reported here). This implies that E2 at higher
concentration might interrupt cell division systems
and several functions of cellular activities.
The results observed from the comet test after
treatment of larvae of D. melanogaster with six
concentrations of E2 to test the genotoxicity of E2
are given in (Table 1). E2 was taken by eating to
larvae (72±4 h old) for 24±2 h in doses ranging

TABLE 1
Comet -assay results obtained after treatment of Drosophila hemocytes with ȕ-estradiol.

Groups
Control
DMSO 0.2%

% DNA tail a

95% CI of % DNA tail b

11.01±0.18
10.80±0.20

10.66-11.35
10.41-11.19

10.97±0.19
11.28±0.17
11.45±0.19
11.42±0.21
11.48±0.21
11.66±0.20
18.89±0.24*

10.59-11.34
10.94-11.62
11.08-11.81
10.99-11.84
11.07-11.90
11.26-12.07
18.42-19.36

Estradiol (μg/ml)
3×10-5
3×10-4
0.02
1
2
20
MMC (25 μg/ml)
a

Mean ± standard error from three experiments per group (150 cells).
95% of confidence intervals of %DNA tail.
DMSO, dimethyl sulfoxide; MMC, Mitomycin C.
*
3YVQHJDWLYHFRQWURO
b

genotoxicity screening, since it can apply to a
varied varieties of cells, it can detect low levels of
DNA impairment and it can identify various kinds
of DNA damage [27]. Thus, this test system is
being regularly used effectively to assess DNA
damage in different cells and model organisms,
including D. melanogaster [28]. On the other hand,
E2 examined for carcinogenic activity by applying
the wts-based SMART technique on D.
melanogaster as transgenic model organisms. This
assay is one of the famous SMART analysis in
Drosophila, where any mutation that results in a
lack of function of wts gene might cause a
noticeable phenotypes changes in the eyes and
wings of the fly. This test based on the wts gene,
which straightforwardly included in control of the
cell cycle and its analogous are tumor suppressor
genes present in some lower organisms in addition
to mice and human [12]. The function of this gene
is highly conserved in evolution. Induction of
tumors allows one to draw closer analogy between

E2 was examined for carcinogenic activity by
applying the wts-based SMART method on D.
melanogaster. Induction of tumors using wts-based
SMART assay permits one to draw nearer
relationship between the action of a substance in a
SMART analysis in fruit fly and its capability of
cancer-causing risk to humans. The results revealed
that there was no significant difference (P > 0.05)
among the tumor frequencies found at all tested
concentrations of E2 and the negative control, thus
suggesting an absence of carcinogenic potential of
E2 (Table 2). However, the frequencies of tumor
induction exhibited highly significant increased
after feeding of Drosophila larvae with MMC
treatment, thus conforming the validity of wtsbased SMART technique and the results obtained.
In the present study, we used two well-known
in vivo mutagenic assays using somatic cells of
Drosophila: the comet assay on hemocytes and the
wts-based SMART test. The comet assay is one of
the most widely employed techniques for in vivo
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al. [12] reported that this system showed high
sensitivity to a wide spectrum of mutagenic and
carcinogenic compounds. In addition, the
sensitivity of this system to polycyclic aromatic
hydrocarbons which are structurally similar to E2
[29] is higher than that of classical tests [30].

the activity of a substance in a SMART experiment
in Drosophila and its capability of cancer-causing
danger to humans. Exposure of wts heterozygous
individuals in larval stage to carcinogenic or
mutagenic factors lead to loss of heterozygosity in
some epithelial cells, which lead to induce tumors
could be recorded in adult insects [15]. Sidorov et

TABLE 2
Frequency of tumor clones observed in heterozygous offspring of Drosophila melanogaster after treatment with
ȕ-estradiol.
Treatment
Concentration
(μg/ml)

Total flies
scored

Number of tumors scored
Eyes

Head

Wing

Body

Leg

Halter

Control
200
1
0
9
7
4
0
DMSO
200
0
3
4
9
3
0
0.2%
Estradiol
3×10-5
200
0
0
5
6
3
1
3×10-4
200
1
1
6
7
2
0
0.02
200
2
0
3
5
4
0
1
200
0
2
2
7
5
0
2
200
1
3
4
2
6
1
20
200
1
0
6
8
3
0
MMC
25
200
76
45
144
158
76
15
Analysis of tumor frequency data is identified by the Mann-Whitney U-test.
Levels of significance indicated as *P < 0.05, **P < 0.01 and ***P < 0.001 vs. negative control.
DMSO, dimethyl sulfoxide; MMC, Mitomycin C.

Total

Frequency (No. of
tumors/fly)

21
19

0.105
0.095

15
17
14
16
17
18

0.075
0.085
0.070
0.080
0.085
0.090

514

2.41**

cancer development [34]. Conversely, in vitro
exposure of benign, ER negative MCF-10F breast
epithelial cells to physiologic concentrations of E2,
led to complete neoplastic transformation in
addition to developing of mammary tumors in
estrogen receptor knockout mice model (ERKO)
[35-37]. Further, at physiologic concentrations, E2
produced loss of heterozygosity in MCF-10 cells at
µµKRW VSRWV¶¶ WKDW DUH XVXDOO\ GHWHFWHG LQ KXPDQ
mammary tumors [37, 38].
The lack of genotoxic effects shows either a
minor amount of E2 changed to its reactive
metabolites otherwise a higher level of effective
detoxifying mechanism. With regard to the primary
probability, it has been reported that the
cytochrome P450 with substrate specificity of
mammal CYP1B1 is constitutively expressed within
the Drosophila larvae cells [39] which is the main
enzyme responsible for the formation of 4hydroxyestradiol, the most genotoxic metabolite of
E2 [40, 41]. In the same vein, the cytochrome P450
CYP6 family of insects is strongly related to the
CYP3 group of vertebrates [42, 43] that take part in
formation of catechol estrogen quinones [41]. Thus,
the negative data attained with E2 are presumably
the result of high efficacy of detoxifying systems in
Drosophila. Detoxifying metabolism of xenobiotic
compounds and also quinones happened through

The data attained with the in vivo comet
experiment to assess the mutagenicity of the
synthetic hormone estradiol in hemocytes of D.
melanogaster, displayed a negative response at all
tested concentrations (Table 1). In agreement with
our results, Liu et al. [31] reported that breast cells
in absence of a functional ER failed to show
oxidative DNA damage when treated with 4hydroxyequilenin, a major metabolite of equilenin
which is an estrogenic steroid hormone used in
hormonal replacement therapy. In the same vein,
treatment of the Syrian hamster embryo cells that
does not have any measurable levels of ER with E2
or diethylstilbestrol fails to induce DNA damage,
chromosome abnormalities and gene mutations in
Syrian hamster embryo cells [32]. In contrast,
estradiol produced DNA gene mutations in two
different cell lines deficient in estrogen reporter
system, Chinese hamsterV79 cells [33] in addition
to Big Blue rat2cells [6]. Furthermore, our results
showed that there was no significant difference (P >
0.05) amongst the tumor frequencies found at all
examined doses of E2 and the negative control in
wts-based SMART assay, thus suggesting an
absence of cancer-causing action of E2 (Table 2).
In line with our results, E2 when administered
orally to neonatal CD-1 mice showed no proof of
toxic effect on all tested tissues and absence of
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glutathione conjugation reaction [44, 45] where that
reaction mostly includes glutathione-S-transferase
that shows an essential job in formation of
glutathione conjugates of catechol estrogen
quinones [46]. Accordingly, several authors
demonstrated that the vital task of glutathione in
decreasing the harmful side defects of catechol
estrogen quinones [47, 48] showing that glutathione
plays a crucial task in diminishing the harmful
effects of catechol estrogen quinones. Additionally,
in D. melanogaster, glutathione-S-transferase do
the same role of glutathione peroxidase enzyme to
carry out the protection against oxygen mediated
damage probably because of the absence of
peroxidase enzyme in Drosophila [49]. It is worth
noting that in D. melanogaster there is a
considerable quantity of the glutathione-Stransferase enzyme in larvae, pupae and adults [50].
Moreover, the same authors reported that larval
stage showed the most elevated particular action of
glutathione-S-transferase. In view of this fact, it
appears to be sensible to consider that the great
amount of glutathione-S-transferase in larval stage
might encourage the detoxifying mechanism of
estradiol metabolites and the produced reactive
oxygen species. This would result in both the
absence of genotoxicity on larval hemocytes in
comet experiments and tumor frequencies in D.
melanogaster.
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DECOLORIZATION OF BASIC BLUE 41 BY NONACCLIMATIZED PSEUDOMONAS AERUGINOSA: EFFECT
OF TEMPERATURE, pH, INOCULUM SIZE AND GROWTH
MEDIUM
Behzat Balci1, Fatma Elcin Erkurt 2
Cukurova University Department of Environmental Engineering, 01136, Balcali/Saricam, Adana/Turkey1, 2

Many studies have focused on the
decolorization potential of dyes by acclimatized
microorganisms, which isolate dye from
contaminated areas such as soil and wastewater
treatment plants [9; 10].
The main objective of this study was to
investigate potential decolorization of BB41 by
non-acclimatized P. aeruginosa, which was isolated
from non-dye contaminated activated sludge. There
is no literature on decolorization of BB41 by P.
aeruginosa. Thus the data from this study may
contribute to the literature on decolorization of dyes
by pure bacterial cultures.

ABSTRACT
The aim of this work is to evaluate
decolorization of Basic Blue 41(BB41) by nonacclimatized Pseudomonas aeruginosa, which was
isolated from a non-dye contaminated activated
sludge biomass. The effect of initial BB41
concentration, temperature, pH, inoculum size and
growth medium (different nitrogen and carbon
sources) on decolorization were investigated. P.
aeruginosa was able to use BB41 as a sole carbon
source and decolorize 25 mg/L BB41 with the
efficiency of 99.4% without any additional carbon
or nitrogen source. Initial BB41 concentration,
temperature, pH, inoculum size and different
nitrogen and carbon sources have a considerable
effect on decolorization of BB41. 250 mg/L yeast
extract was found sufficient for completely removal
of 200 mg/L BB41 at 35 °C within 72 hours.

MATERIALS AND METHODS
Dye. An azoic structure dye BB41 was
obtained from the local textile industry in Turkey.
BB41 concentration of supernatant was estimated
by measuring absorbance at maximum wavelengths
(609 nm) and computing concentration from the
calibration curve. The calibration curve was
prepared with Perkin Elmer Lambda 35 UV/VIS
spectrophotometer. Concentrations of calibration
curves range between 0.5 to 25 mg/L. The molecule
structure of BB41 is given in Fig. 1.

KEYWORDS:
Decolorization, Basic Blue 41, Pseudomonas aeruginosa

INTRODUCTION
Dyes usually have a synthetic origin and
complex aromatic structures. These synthetic dyes
are widely used in textile, food, pharmaceutical,
tanneries, cosmetics and electroplating factories [1].
Discharging of dye containing wastewater from
dyeing processes in various industries may contain
high color and contribute to water deterioration
enormously [2]. Azo dyes are aromatic compounds
with one or more ±N=N± groups [1]. Conventional
aerobic biological wastewater treatment systems
usually cannot efficiently decolorize wastewaters
containing dye due to the strong electronwithdrawing group [3]. Although dyes can be
expected to be resistant to biological degradation
because of their azoic structures, it has been
reported that many bacteria and fungi can degrade
numerous dyes under certain conditions [4; 5; 6; 7;
8].

FIGURE 1
The molecule structure of BB41.

Isolation of Pseudomonas aeruginosa. P.
aeruginosa was isolated from an aeration basin of
activated sludge at a soft drink factory located in
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Adana/Turkey. The isolation of P. aeruginosa was
conducted in three main stages. Cetrimide agar,
which is a type of agar for selective isolation of P.
aeruginosa, was used in the first stage of isolation.
Cetrimide agar is selective for P. aeruginosa,
however other bacterial species may develop [11].
In the second stage, a single colony growth on
cetrimide agar at 42°C was transferred to nutrient
agar under sterile conditions. Thus a single species
of bacterial culture was obtained. In the third stage,
16S rDNA gene was amplified using PA-SS-F
GGGGGATCTTCGGACCTCA and PA-SS-R
TCCTTAGAGTGCCCACCCG primers for the
single bacterial colony [12]. The pure culture of P.
aeruginosa was transferred to a 500 mL
Erlenmeyer flask containing 250 mL nutrient broth
and incubated at 35±2°C.
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RESULTS AND DISCUSSION
Effect of BB41 concentration as sole carbon
source on decolorization. Bacterial decolorization
of azo dyes without any carbon and nitrogen
sources is very difficult [14]. However, results of
this study showed that P. aeruginosa was able to
use BB41 as a sole carbon source. Concentrations
of azo dyes have an important effect on the
decolorization process. High dye concentrations
may negatively affect the decolorization efficiency
due to the potential toxicity on microorganisms
[15].
Beside
decolorization
efficiencies,
decolorization rate (mg/L/h) was calculated to
understand the effect of initial dye concentration on
decolorization. Decolorization rate may be
increased with increasing initial dye concentration
[16].
Although
decolorization
efficiencies
decreased with increasing dye concentrations, the
decolorization rate increased with increasing dye
concentrations.

Decolorization
experiments.
All
decolorization experiments were performed three
times in static conditions and the average values
were used for calculations. Effect of initial dye
concentration as a sole carbon source (25,50, 75,
100, 150 and 200 mg/L), different nitrogen and
carbon sources at different concentrations (yeast
extract, peptone, glucose and starch (250, 500 and
750 mg/L)), temperature (10, 15, 20, 25, 30, 35, 40
and 45°C), pH (4, 5, 6, 7, 8, 9 and 10) and bacteria
inoculum size (1, 2, and 3mL) on decolorization
were performed. The composition of the basal
mineral medium was (g/L): K 2HPO4 4.35, KH2PO4
1.7, NH4Cl 2.1, MgSO4 0.2, MnSO4 0.05,
FeSO4.7H2O 0.01, CaCl22H2O 0.03 [13]. Microbial
culture at nutrient broth was centrifuged at 5000
rpm for 30 minutes, the supernatant was withdrawn
and microbial culture was washed several times
with sterile distilled water to remove the nutrient
residues. Microbial cultures were inoculated in 250
mL erlenmeyer flasks including 120 mL basal
mineral medium containing BB41. The amount of
initial bacteria of solutions with 1 mL inoculum
size was approximately 8.6×106 CFU/mL. Glass
materials and solutions were autoclaved at 121°C,
dyes were made sterile by using a sterile filter with
0.45 μm pore size. Abiotic (without culture and
with autoclaved culture) decolorization experiments
were conducted under the same conditions as biotic
experiments. Samples were withdrawn at certain
time intervals during decolorization tests,
centrifuged 10 minutes at 5000 rpm and supernatant
was used to determine the residual dye
concentration.

TABLE 1
Decolorization efficiencies and rates for different
BB41 dye concentrations as sole
carbon source within 48 hours.
BB41 Conc.,
mg/L
25
50
75
100
150
200

Decolorization
efficiency (%)
99.4
76.12
60.45
52.31
40.54
37.51

Decolorization rate
(mg/L/h)
0.517
0.791
0.937
1.083
1.250
1.562

ϮϮϱ
ϮϬϬ
ϱϬŵŐͬ>

ϰϭŽŶĐ͘;ŵŐͬ>Ϳ

ϭϳϱ

ϳϱŵŐͬ>

ϭϱϬ

ϭϬϬ
ŵŐͬ>
ϭϱϬ
ŵŐͬ>
ϮϬϬ
ŵŐͬ>

ϭϮϱ
ϭϬϬ
ϳϱ
ϱϬ

Ϯϱ
Ϭ
Ϭ

ϭϬ

ϮϬ

ϯϬ

ϰϬ

ϱϬ

ϲϬ

ϳϬ

dŝŵĞ;ŚͿ

Statistical analysis. Statistical evaluations
were performed using SPSS Statistics 20.0 with
confidence interval of 95% (p 

Figure 2
Effect of initial BB41concentrations as sole
carbon source on decolorization (pH = 7, T = 25
°C, inoculum size = 1 mL), (p<0.05)).
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ϭϱϬ

(1)

ZKHUH ǻCt (mg/L) is the change in dye
concentration over the WLPHLQWHUYDOǻt (h), C0 is the
initial dye concentration (mg/L)

ϭϬϬ
ϱϬ

ϮϬϬŵŐͬ>ϰϭĂƐ^ŽůĞĂƌďŽŶ
^ŽƵƌĐĞ
ϮϬϬŵŐͬ>ϰнϮϱϬŵŐͬ>'ůƵĐŽƐĞ

ϮϱϬ

ϮϬϬ

Ϭ

ϮϬϬŵŐͬ>ϰнϱϬϬŵŐͬ>'ůƵĐŽƐĞ

ϭϱϬ

ϮϬϬŵŐͬ>ϰнϳϱϬŵŐͬ>'ůƵĐŽƐĞ

ϭϬϬ
ϱϬ
Ϭ

Ϭ

ϱϬ

dŝŵĞ;ŚͿ

ϭϬϬ

ϭϱϬ

(a)

Ϭ

ϱϬ

dŝŵĞ;ŚͿ

ϭϬϬ

ϭϱϬ

(b)

ϮϬϬ
ϭϱϬ

ϮϬϬŵŐͬ>ϰϭĂƐ^ŽůĞĂƌďŽŶ
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ϮϬϬŵŐͬ>ϰϭнϮϱϬŵŐͬ>^ƚĂƌĐŚ

ϮϱϬ

ϮϬϬŵŐͬ>ϰϭнϱϬϬŵŐͬ>^ƚĂƌĐŚ

ϮϬϬ

ϮϬϬŵŐͬ>ϰϭнϳϱϬŵŐͬ>^ƚĂƌĐŚ

ϭϬϬ
ϱϬ

ϰϭŽŶĐ͘;ŵŐͬ>Ϳ

ϮϱϬ
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Decolorization efficiency = C t  C 0 u 100 (2)
C0

ϮϬϬŵŐͬ>ϰϭĂƐ^ŽůĞĂƌďŽŶ
^ŽƵƌĐĞ
ϮϬϬŵŐͬ>ϰϭнϮϱϬŵŐͬ>zĞĂƐƚ
ǆƚ͘
ϮϬϬŵŐͬ>ϰϭнϱϬϬŵŐͬ>zĞĂƐƚ
ǆƚ͘
ϮϬϬŵŐͬ>ϰϭнϳϱϬŵŐͬ>zĞĂƐƚ
ǆƚ͘

ϮϬϬ
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studies used higher dye concentrations than this
study such as 500 and 1000 mg/L [10; 17; 5].
However, dye levels in wastewater and aquatic
environments are lower than these high
concentrations. The dyes concentrations in textile
wastewater generally range between 10 and 200
mg/L [18].

Decolorization rates and decolorization
efficiencies were calculated using Eq (1) and Eq
(2), respectively. Decolorization efficiencies and
rates for different initial BB41 concentrations are
given in Table 1.
There was no inhibitory effect caused by the
studied dye concentrations. Effect of initial dye
concentrations on decolorization is given in Figure
2. P.aeruginosa was able to decolorize 25 and 50
mg/L BB41 with the efficiencies of 99.4 and
76.1%, respectively without any additional carbon
or nitrogen source within 48 h. But according to the
Table 1. P. aeruginosa requires additional nutrient
source for effectively decolorization of BB41 with
higher concentrations than 50 mg/L. Abiotic
decolorization of dyes was found negligible for all
dye concentrations. Biotic and abiotic experiments
indicated that biotic processes are the main
decolorization mechanism of BB41 by P.
aeruginosa. Some pure culture decolorization

ϮϱϬ
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Ϭ
Ϭ

ϱϬ

ϭϬϬ

ϮϬϬŵŐͬ>ϰϭнϱϬϬŵŐͬ>WĞƉƚŽŶĞ

ϭϱϬ

ϮϬϬŵŐͬ>ϰϭнϳϱϬŵŐͬ>WĞƉƚŽŶĞ

ϭϬϬ
ϱϬ
Ϭ

ϭϱϬ

Ϭ

dŝŵĞ;ŚͿ

(c)

ϮϬϬŵŐͬ>ϰϭĂƐ^ŽůĞĂƌďŽŶ
^ŽƵƌĐĞ
ϮϬϬŵŐͬ>ϰϭнϮϱϬŵŐͬ>WĞƉƚŽŶĞ

ϱϬ

dŝŵĞ;ŚͿ

ϭϬϬ

(d)

FIGURE 3
Decolorization of 200 mg/L BB41 with yeast extract (a), glucose (b), starch (c) and peptone (d) at different
concentrations (pH = 7, T = 25 °C, inoculum size = 1 mL), (p<0.05))
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Cell growth with different yeast extract
concentrations. After inoculation of the cells to the
solution which contain 200 mg/L BB41 and yeast
extract mediums it was determined that 8-10 hours
were required for the organisms to acclimate to
their new environment in the lag phase. During the
logarithmic growth phase with 750 mg/L yeast
extract, a significant decolorization occurred for
200 mg/L BB41. Cell growth relatively increased at
200 mg/L BB41 sole carbon source due to the lack
of sufficient nutrients. Also, dissolved oxygen
dropped to nearly 0.18 mg/L at the logarithmic
growth phase. This result indicates that effective
decolorization of BB41 by P. aeruginosa occurs
under low dissolved oxygen levels. The presence of
oxygen normally inhibits the activity of azo
reductase. Aerobic respiration stops the electron

ϮϱϬ

ZĞŵŽǀĂůŽĨϮϬϬŵŐͬ>ϰϭĂƐƐŽůĞ
ĐĂƌďŽŶƐŽƵƌĐĞ

Ϯϱ

ϮϬϬ

ZĞŵŽǀĂůŽĨϮϬϬŵŐͬ>ϰϭǁŝƚŚ
ϮϱϬŵŐͬ>ǇĞĂƐƚĞǆƚ͘

ϮϬ
ϭϱ

ϭϬϬ

ϭϬ

ϱϬ

ϱ

Ϭ

Ϭ
ϮϬ

ZĞŵŽǀĂůŽĨϮϬϬŵŐͬ>ϰϭǁŝƚŚ
ϱϬϬŵŐͬ>ǇĞĂƐƚĞǆƚ͘

&h;ϭǆϭϬϲͿ

ϭϱϬ

Ϭ



concentrations such as nutrient broth containing 5
g/L peptone and 3 g/L meat extract for
decolorization of azo dyes by pure cultures [9; 24;
25]. Thus they obtained high decolorization
efficiencies in a shorter time than this study.
Certainly high dye removal efficiency is a desirable
result for decolorization of dyes by bacteria.
However, these high nutrient concentrations may
cause organic pollution and many side effects in
aquatic media such as depletion dissolved oxygen.
Furthermore high nutrient requirements cause high
cost in the possible application of microorganisms
for the decolorization of dye containing wastewater.

Effect of different nitrogen and carbon
sources on decolorization. In many reports,
several azo dyes were decolorized under static
conditions by many bacterial strains with complex
carbon and nitrogen sources such as peptone, yeast
extract and glucose [3; 19; 20]. Decolorization of
BB41 with different nitrogen and carbon sources
(yeast, peptone, glucose and starch) at different
concentrations (250, 500 and 750 mg/L) were
studied. Decolorization efficiencies increased with
increasing yeast, peptone, glucose and starch
concentrations from 250 to 750 mg/L. Highest
decolorization efficiencies were obtained with yeast
extract. 200 mg/L BB41 was completely removed
within 38, 52, 72 and 96 hours with 750 mg/L yeast
extract, glucose, starch and peptone, respectively.
Figure 3. shows the decolorization of BB41 with
yeast extract, glucose, starch and peptone at
different concentrations. Some studies investigated
the effect of different nitrogen sources on
decolorization of azo dyes and reported that the best
decolorization was achieved with the yeast extract.
They also reported that the bacterial decolorization
of azo dyes increased with the increase of yeast
extract concentration [21; 22]. NADH behaves as
an electron donor during the reduction of azo bond
and the yeast extract metabolism has an important
effect on regeneration of NADH [23]. Therefore
yeast extract has a significant organic source for the
decolorization of dyes by bacteria. In many studies,
carbon and nitrogen sources were used at high

ϰϭŽŶĐ͘;ŵŐͬ>Ϳ



ZĞŵŽǀĂůŽĨϮϬϬŵŐͬ>ϰϭǁŝƚŚ
ϳϱϬŵŐͬ>ǇĞĂƐƚĞǆƚ͘
ĞůůŐƌŽǁƚŚĂƚϮϬϬŵŐͬ>ϰϭ
ĞůůŐƌŽǁƚŚĂƚϮϬϬŵŐͬ>ϰϭнϮϱϬ
ŵŐͬ>ǇĞĂƐƚĞǆƚ͘
ĞůůŐƌŽǁƚŚĂƚϮϬϬŵŐͬ>ϰϭнϱϬϬ
ŵŐͬ>ǇĞĂƐƚĞǆƚ͘
ĞůůŐƌŽǁƚŚĂƚϮϬϬŵŐͬ>ϰϭнϳϱϬ
ŵŐͬ>ǇĞĂƐƚĞǆƚ͘

ϰϬ
d;ŚͿ

FIGURE 4
Decolorization of 200 mg/L BB41 and cell growth at different yeast concentrations (pH = 7, T = 25 °C,
inoculum size = 1 mL).
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decolorization when the initial pH of the medium
was below 5 and above 9. Decolorization
efficiencies of 200 mg/L BB41 at different pH
values are given in Figure 6.

transfer from NADH to azo bonds [26; 27].
Decolorization of 200 mg/L BB41 and cell growth
at different yeast concentrations is given in Figure
4.
Effect of temperature on decolorization.
Usually the temperature of dye containing
wastewater is higher than ambient temperature. It is
important to know the effect of temperature on
decolorization of dyes by microorganisms.
Temperature of the environment directly establishes
bacterial temperature. Temperature has a
considerable effect on microbial processes such as
water remediation [14]. Temperature experiments
were performed with 250 mg/L yeast extract. The
lowest yeast extract concentration was selected due
to the high nutrients residuals which can cause an
organic pollution. Decolorizing efficiencies of
BB41 increased with increasing temperature from
10 to 35°C. While decolorization efficiency of 200
mg/L BB41 was determined 19.7 % within 72
hours it was completely removed at 35°C
Decolorization efficiencies significantly dropped
when the temperature increased to 45°C. Optimal
temperature to decolorize BB41 was found to be
35°C. Decolorization efficiencies of 200 mg/L
BB41 at different temperatures within 72 hours are
given in Figure 5. There was no decolorization
occurred anymore over 72 hours for studied
temperatures.

ĞĐŽůŽƌŝǌĂƚŝŽŶĨĨŝĐŝĞŶĐǇ͕й
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FIGURE 6
Effect of pH on decolorization of 200 mg/L BB41
(T = 25 °C, inoculum size = 1 mL, p<0.05).

Effect of inoculum size on decolorization.
Inoculum tests (1, 2 and 3 mL) were performed
with 250 mg/L yeast extract. It was found that
initial amount of bacteria has a significant effect on
decolorization BB41. While 1 and 2 mL inoculum
volumes were not sufficient for completely removal
of 200 mg/L, it was completely removal with 3 mL
inoculum size within 38 hours under certain
parameters. Effect of inoculum size on
decolorization of 200 mg/L BB41 by P. aeruginosa
is given in Figure 7.
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FIGURE 5
Effect of temperature on decolorization of 200
mg/L with 250 mg/L yeast extract within 72 h.,
(pH = 7, inoculum size = 1 mL, p<0.05).
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experiments were performed with 250 mg/L yeast
extract. Experiments showed that pH has a
significant effect on decolorization of BB41 by P.
aeruginosa. P. aeruginosa showed good growth at
pH 5, 6, 7 and 8, while pH 4, 9 and 10 were found
to be inhibitory for the growth. Highest
decolorization efficiency was determined at pH. It
was observed that there was no significant
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FIGURE 7
Effect of inoculum size on decolorization OF 200
mg/L BB41 (pH = 7, T = 25 °C, p<0.05).
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CONCLUSION
[5]

In this study, non-dye acclimatized P.
aeruginosa was used for decolorization of BB41.
The results indicate the potential application of P.
aeruginosa for decolorization of effluents
containing basic textile dye P. aeruginosa
decolorized 25 mg/L BB41 with the efficiency of
99.4% without any additional carbon or nitrogen
source. P. aeruginosa was able to use BB41 as a
sole carbon source. P. aeruginosa requires
additional carbon or nitrogen sources for efficiently
decolorization of higher BB41 concentrations.
Yeast extract was found to be best organic source
among glucose, peptone and starch. Only 250 mg/L
yeast extract is sufficient for complete
decolorization of 200 mg/L BB41 at 35 °C within
72 h. Probably high decolorization efficiencies can
be obtained in shorter time by using higher yeast
extract concentrations. But high nutrients can cause
new pollutions and problems such as oxygen
depletion as a result of high chemical oxygen
demand. Moreover, high nutrients require high cost
at the potential application of P. aeruginosa for
decolorization textile dyes. So it is important to
determine the decolorization efficiencies with low
nutrient concentrations. Initial dye and different
organic source concentrations, temperature, pH and
inoculum size have significant effects on
decolorization of BB41 by P. aeruginosa (p<0.05).
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