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FEASIBILITY STUDY ON POTABLE WATER DISINFECTION
BY GAS-PHASE DIELECTRIC BARRIER DISCHARGES
Qiong Tang1,3, Song Lin2, Yi Zhang3, Tuti M. Lim3 and Junru Xiong1,*
1

Department of Environment and Life Science, Leshan Normal University, Leshan, 614004, PR China
2
Hydrochina Guiyang Engineering Corporation, Guiyang, 550081, PR China
3
Institute of Environmental Science and Engineering, Nanyang Technological University,
Innovation Center, Block 2, Unit 237, 18 Nanyang Drive, Singapore 637723, Singapore

ABSTRACT
The inactivation of S. aureus and E. coli and disinfection of potable water by using a gas-phase dielectric barrier discharge (GPDBD) system were investigated, and the
energy consumption of treatment processes was calculated.
The results show that the present GPDBD system was
effective in killing select kinds of microorganisms in water.
The inactivation time of Gram-negative bacteria was shorter
than that of Gram-positive bacteria. The potable water
disinfection processes were completed within 1 min at a
gas flow-rate of 7 L min−1 and an applied voltage of 20 kV.
The water quality of potable water was improved after the
treatment processes, except for AOC, increased by 51.0%.
The energy consumption was noted to be 0.2 KWh/m3 with
treatment capacity of 5 L, which is much lower than those
obtained by using UV irradiation (3.3 KWh/m3) and ultrasonic irradiation (2.5 KWh/m3) lab-scale methods.
KEYWORDS: Disinfection; potable Water; gas-phase dielectric
barrier discharge (GPDBD); energy consumption

1. INTRODUCTION
Contamination of raw water sources, such as human
sewage and, in particular, human fecal pathogens and parasites, is a common concern. Drinking such untreated waters
poses immediate health risks to consumers and can cause
fatality. In 2006, an estimated 1.8 million fatalities reported
worldwide were due to waterborne illnesses [1]. Good quality water is essential in preventing such waterborne diseases
and, therefore, appropriate disinfection treatment technology must be used to eliminate harmful pathogens, so that
water is safe for human consumption.
Conventional disinfection technologies, such as chlorination [2-4], ozonation [5-7], ultraviolet (UV) irradiation
[8-10] and sonication/ultrasonic irradiation [11, 12] have
been proven to be effective, and are still used to eliminate
* Corresponding author

these pathogens in potable water currently. However,
these methods present a few drawbacks. Common chemical disinfectants contain residual chlorine, which reacts
with solutes such as dissolved organic matter as well as
inorganic species such as bromide and iodide present in
raw water. Such reactions produce trace level contaminants including trihalomethanes (THMs), haloacetic acids
(HAAs), 2,2-dichloropropionic acid and n-nitrosamines,
all of which are present in potable water [13-15]. In addition, the aldehydes may be produced by the reaction of
ozone and organic materials [16]. These disinfection byproducts (DBPs), such as THMs, have been shown to be
carcinogenic in test animals [17, 18]. The efficiency of UV
disinfection in water depends on many factors, such as lamp
envelope, ageing lamp, concentration of suspended solids,
and the thickness of the fluid [10].
The hydroxyl radicals (OH•), with standard reduction
potential of 2.80 V, can react quickly with the impurities
in the water and oxidize almost all constituents of the cell,
particularly lipids and nucleic acids [19]. Some studies
have shown that most pollutants react 1 million to 1 billion
times faster with OH• radicals than with ozone [20, 21].
Furthermore, it is noteworthy to highlight that the hydroxyl
radicals are not expected to cause corrosion problems to
water treatment systems, since the radicals become neutralized after the reaction, and thus, the final products are typically water, carbon dioxide, inorganic ions and small
amounts of simple organic acids, all of which are harmless.
These attractive properties have prompted scientists to seek
better methods/systems to generate such radicals in a costefficient manner.
One of possible methods to generate the OH• radicals
in a cost-effective manner is via dielectric barrier discharge
(DBD). The electrical discharge processes in water using a
variety of electrode geometries have been demonstrated
to be effective in water disinfection [22-24]. Our previous studies have found that a gas-phase dielectric barrier
discharge (GPDBD) could be an effective way to generate
OH• radicals in air containing water vapor. In addition, the
density of OH• radicals generated could be 12 times higher
than that of ozone [25]. The lifetime of OH• radical in
humid air was found to be a few hundreds of microsec-
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onds [26]. This makes the direct transfer of OH• radical
from air to water with subsequent inactivation of microbial cell possible [27].
Therefore, this study reported on the feasibility of using a GPDBD system for potable water disinfection on
lab-scale. E. coli and S. aureus were initially used as the
target organism to test the efficiency of the GPDBD system on disinfection, because E. coli. and total coliforms
are commonly used as the indicator organisms in waterquality standards. Afterwards, the disinfection tests of raw
potable water were conducted. Major water quality indicators [e.g., total heterotrophic count (HPC), assimilable
organic carbon (AOC), disinfection by-products formation
potential (DBPFP), turbidity, total organic carbon (TOC),
pH, chloride, sulfate, fluoride, nitrate, nitrite, ammonium
salt, phosphate, total dissolved solids (TDS), iron, Cu, Mn,
Al] were analyzed before and after treatment. Finally, the
energy consumption of this GPDBD system was also calculated.

2.2 Preparation of Bacteria S. aureus and E. coli

The bacteria S. aureus (ATCC 25923) and E. coli
(ATCC 25922) were cultured in the sterile liquid culture
medium of tryptic soy broth. For this experiment, an
overnight broth culture of bacteria was prepared by inoculating a small amount of culture into 500 ml of tryptic soy
broth, and then, incubated for 24 h at 25 °C. Thus, the
bacteria concentration (CFU) can be up to ×109/ml. The
50-ml broth culture was centrifuged and supernatant was
removed. Then, NaCl-KH2PO4 buffer solution was added
and diluted to 500 ml in preparation for treatment by the
GPDBD system.
2.3 Raw Potable Water and Its Characterization

Water sample was obtained from the Choa Chu Kang
(CCK) waterworks in Singapore and stored at 4 °C in a
dark incubator until disinfection experiments began.
Physicochemical characteristics of raw water were measured and are shown in Table 2.
2.4 GPDBD System Sterilization Method

2. MATERIALS AND METHODS
2.1 Reagents

Disinfection by-product (DBP) standards were purchased from Sigma-Aldrich, Singapore. All other chemicals used were of analytical grade without further purification. Ultrapure water produced of a Millipore Milli-Q
system was used to prepare all solutions in this study.

Figure 1 shows the experimental system used in the
present investigation. It mainly consists of the GPDBD
reactor used to produce reactive species, alternating current
(AC) high voltage power supply, gas supply and a 6-L
reactor vessel containing the solution. Water sample was
charged into the reactor vessel and treated by the reactive
species generated by the GPDBD system under the optimization conditions already discussed in a published paper [25].

FIGURE 1 - Schematic diagram of the experimental set-up: (1) oscilloscope; (2) current probe; (3) voltage probe; (4) AC high voltage power;
(5) DBD reactor; (6) high voltage electrode; (7) ground electrode; (8) stainless steel electrodes; (9) quartz dielectrics; (10) humidity analyzer;
(11) water bubbler; (12) gas flow-rate meter; (13) air pump; (14) reactor vessel; (15) porous aerated plate; (16) sampling port; (17) cooling
water outlet; (18) cooling water inlet; (19) water recirculation port; (20) gas outlet.
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The gas spacing between the two dielectrics was 2 mm.
Humid air (RH 100%) passing through the GPDBD reactor 5
at a flow-rate of 7 L/min was introduced into reactor vessel
14. The AC high voltage applied to the GPDBD system
was 20 kV (peak value). Control sample was bubbled with
humid air at the same flow-rate as was used in the treatment, but with the GPDBD system turned off. All experiments were conducted in a batch mode and in triplicate. Samples were taken from the reactor vessel at regular time intervals for analysis of the disinfection effectiveness.
2.5 Analytical Methods

Bacteriological characteristics of samples were tested
according to standard methods used to examine water and
wastewater [28]. The samples were serially diluted with
sterile NaCl-KH2PO4 buffer solution, and then, 0.1 ml bacteria solution of dilutions was plated onto R2A agar medium.
After incubation of this cell for 48 h at 35 °C, the number of
colonies of bacteria (total heterotrophic bacteria in natural
water samples) on agar plates was calculated from an average of at least three plates with errors less than 5%.
DBPFP was measured by chlorination of the samples
with a 7-day incubation period following the introduction
of the NaOCl solution and phosphate buffer (pH 7.0) [12].
The applied chlorine concentration was about 5 mg/L,
which was determined from the preliminary studies. Typical
hazardous disinfection by-products, CHCl3, CHBr3, dichloroacetic acid (DCAA), and trichloroacetic acid (TCAA),
were analyzed after chlorination. These DBPs were measured using an Agilent 6890 N gas chromatograph (GC)
with a 30 m×0.32 mm×0.25 µm HP-5 column and ECD
detector. CHCl3 and CHBr3 were extracted with n-pentane
according to standard methods [method 6322B, APHA].
The extract was then analyzed using a GC inlet temperature of 220 °C, detector temperature of 300 °C, column
pressure of 15 psi and column flow-rate of 1 ml/min. The
column temperature program was as follows: kept at 35 °C
for 4 min, increased to 120 °C at the rate of 20 °C/min, and
then, maintained 0.5 min. For haloacetic acids analysis,
samples were pretreated using a micro-extraction procedure with methyl tertbutyl ether and esterified with diazomethane [method 6251B, APHA] before GC measurement. The GC inlet temperature was 220 °C, detector temperature was 300 °C, column pressure was 23.7 kPa, and
column flow-rate was 1 ml/min. The column temperature
program was as follows: kept at 40 °C for 5 min, increased to 140 °C at the rate of 10 °C /min, and then,
increased to 240 °C at the rate of 40 °C /min.

Subsequently, the same water sample was heated at 70 °C
for 30 min to kill the strain P17, and then, NOX strain
was inoculated. The inoculated water samples were incubated at 25 °C for 3 days, and the cell formation units were
counted. AOC concentration was calculated by comparing
the cell formation unit number and yield coeﬃcient. In this
study, the yield coeﬃcients of P17 and NOX were 4.1×107
and 1.2 ×107 µg acetate-C/L of distilled water, respectively.
The concentration of TAOC was calculated with the following equation:

TAOC = AOC − P17 + AOC − NOX

3. RESULTS AND DISCUSSION
3.1 Inactivation Efficiency of E. coli. and S. aureus.

The concentrations (cfu) of S. aureus and E. coli on
each sample before treatment were about × 108/ml and
×108/ml/×106/ml, respectively. The effects of GPDBD
system on S. aureus and E. coli inactivation are shown
in Fig. 2.
9
8
E Coli.(control)

7

S.aureus.(control)

6

E.coli.

5

E.coli.

4

S.aureus.

3
2
1

DBPFP = CHCl3 + CHBr3 + DCAA + TCAA (1)
Water samples taken from the GPDBD system were
analyzed for AOC using van der Kooij techniques [29,
30]. The water samples were heated at 70 °C for 30 min to
destroy living cells. After cooling, Pseudomonas fluorescens
strain P17 was inoculated into the water samples. The water samples were incubated at 25 °C for 8 days, and then,
the cell formation units were counted at days 3, 6 and 8.

(2)

The pH and conductivity of the solutions were measured with a pH/conductivity meter (Mettler Toledo Sevenmulti). Turbidity of the solutions was measured with a
turbidity meter (HACH, 2001AN IS). Total dissolved
solid (TDS) was measured gravimetrically according to
standard methods used for the examination of water and
wastewater [31]. The concentrations of SO42-, PO43-, Cl-,
NO2-, NO3- and NH4+were measured by an ICS-3000 ion
chromatography system and an AS-19 column (Dionex).
Metal cations, i.e., iron, manganese, aluminium and copper, were analyzed with inductively coupled plasma spectrometry (ICP, Optima 2000, Perkin Elmer). Total organic
carbon and total nitrogen were determined using a Shimadzu TOC-Vcph analyzer.

log(CFU)
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FIGURE 2 - Curves of surviving microbes versus treatment time.

It has been observed that effect of GPDBD in killing
bacteria was obvious when samples were treated for 5 min.
The inactivation effects of S. aureus and E. coli were
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similar, and a logarithm reduction factor of 6 could be
reached for both S. aureus when the initial concentration
was about ×108/ml. In addition, when the initial concentration of E. coli was ×106/ml, almost all bacteria are
killed within 1 min. Figure 2 shows that the inactivation
time of E. coli. was shorter than that of S. aureus. This is
mainly because E. coli. is a Gram-negative bacterium, while
S. aureus belongs to Gram-positive bacteria. The cell wall
thickness of Gram-negative bacteria is about 2 nm, but that
of Gram-positive bacteria is about 15 ~ 18 nm [32]. Moreover, it is believed that S. aureus has a thicker peptidoglycan structure (90% of cell wall) than E. coli (10% of
cell wall) [33]. Therefore, E. coli. was killed more easily
than S. aureus. Compared to treated samples, almost no
killing effect was obtained from the control samples (Fig. 2).
Therefore, the biological effects of airflow disturbance can
be negligible herein, and the active species, mainly hydroxyl radicals, generated by this GPDBD system [25],
played an important role in killing bacteria.
3.2 Potable Water Disinfection

In this study, our objective was to evaluate the effectiveness of the GPDBD system in eliminating select kinds
of microorganisms, including E. coli. and total coliforms
in potable water. Hence, the more appropriate form of test
was to count the total heterotrophic count (HPC), as it
measures the variety of bacteria that are common in water,
including E. coli. and total coliforms. The results are
presented in Table 1.
The result shows that the GPDBD system was able to
reduce the abundance of heterotrophic counts for all water
samples. After 1 min of treatment, the removal efficiencies were both found to be >99.9%, with treatment capacities of 1 L and 5 L. In addition, the removal efficiencies were found to increase less significantly at 2-min
treatment for all water samples due to the residual number

of bacteria in the sample being very little. The bacteriological characteristics of water samples were able to meet
U.S. EPA water-quality standard (500 cfu/ml) when water
samples were treated by GPDBD system for 0.5 or 1 min.
TABLE 1 - Microbiological characteristics of raw water and treated
water samples by GPDBD system with treatment capacities of 1 L
and 5 L.
Sample

Total heterotrophic count (cfu ml-1)

volume

0 (min)
4

1L

2.2×10

5L

2.1×104

0.5 (min)

1 (min)

82±0.6

20±0.5

13±0.3

6.5×102

46±0.6

12±0.2

3.3 Effect of GPDBD System on the Physicochemical Characteristics of Potable Water

The samples were taken after 2 min of treatment. The
physicochemical characteristics of potable water are shown
in Table 2.
The water toxicity was evaluated using two indexes,
namely the AOC and the DBPFP. The AOC evaluates the
ability of water to support bacterial growth and is an index of a bacterial regrowth potential; the DBPFP is another key toxicity index of carcinogenic potential. Table 2
shows that the GPDBD system treatment processes reduced
the raw water TOC concentration by 17.1% with 2-min
treatment. However, DBPFP was observed to be reduced by
65.9% and AOC increased by 51.0%. The higher reduction
of DBPFP with less reduction of TOC demonstrates the
removal of conjugated double-bonds with minimal mineralization because of the partial oxidation of natural organic
matter (NOM) to other intermediate by-products such as
AOC. During GPDBD system oxidation treatment processes, the hydroxyl radical (HO) was observed to be the
major reactive species generated [25], which acts as a
strong oxidant and transforms NOM, especially recalci-

TABLE 2 - Physicochemical characteristics of raw water and treated water samples by GPDBD system.
Test Items
TAOC (µg/L)
DBPFP (µg/L)
Turbidity
pH
Conductivity (micromhos/cm)
Total dissolved solid (mg/L)
Nitrate (as NO3-) (mg/L)
Nitrite (as NO2-) (mg/L)
Ammonium salt (as NH4+) (mg/L)
Total Organic Carbon (mg/L)
Total Nitrogen (mg/L)
Fluoride (as F-) (mg/L)
Chloride (as Cl-) (mg/L)
Sulphate (as SO42-) (mg/L)
Phosphate (as PO43-) (mg/L)
Iron (as Fe) (µg/L)
Manganese (as Mn) (µg/L)
Copper (as Cu) (µg/ L)
Aluminium (as Al) (µg/ L)
Note: * Below Detection

2 (min)

Raw water
124.3
359.7
0.216±2
7.6±0.05
388±1
256
6.62
2.34
0.45
2.994
2.2361
3.92
25.25
36.63
23.09
4.0
71.0
1.0
62.0

2377

Treated sample
(2 min)
187.6
122.5
0.146±1
7.4±0.05
400±1
276
14.11
BD*
BD*
2.477
3.1865
BD*
25.27
27.96
28.27
1.0
60.0
24.0
40.0

Change rate (%)
51.0
-65.9
-32.4
-2.6
3.1
7.8
113.1
-100.0
-100.0
-17.3
42.5
-100.0
0
-23.7
22.4
-75.0
-15.5
95.8
-35.5
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TABLE 3 - Energy consumption of GPDBD system and other disinfection methods.
Disinfection
methods

Initial concentration
(cfu ml-1)

Volume
(ml)

P (W)

Time
(min)

GPDBD system

E. coli. solution ×106

500

60

1

GPDBD system

Raw water 1 ×10

4

1000

60

0.5

>99.9

0.5

This paper

GPDBD system

Raw water 2 ×10
Drinking water
145/100 ml
Drinking water

4

5000

60

1

>99.9

0.2

This paper

1000

5

30

100

2.5

Zhang et al. [12]

60

100

3.3

Michael et al. [8]

24h

100

0.0085

Wang [34]

Sonication
UV irradiation
UV irradiation

Drinking water

3×10

5

3.9×105
(m3)

1×10

3

138kW

trant in biological/polycyclic aromatic compounds, into
low molecular organic acids, resulting in a decrease of
DBPFP. Therefore, the GPDBD system could reduce the
water mutagen potential and disinfection byproducts formation potential, but increase the AOC which support the bacterial growth. According to earlier studies [12, 30], this
problem can be solved by using the granular activated carbon
(GAC) adsorption or biological activated carbon (BAC)
filtration methods after advanced oxidation treatment.
It can be found that the contents of nitrate and phosphate had increased by 113.1% and 22.4%, respectively.
The contents of sulphate, fluoride, nitrite and ammonium
salt had a decrease, and that of chloride kept constant
after the treatment. The nitrite and ammonium salt concentrations were below detection after treatment. Nitrite
and ammonium salt were oxidized to nitrate because of
the strong oxidation action of active species, such as hydroxyl radicals, resulting in an increase of nitrate concentration (42.5%). Nitrite and ammonium salt are poisonous
to the health of humans/organisms. In particular, nitrite
can oxidize low-iron hemoglobin into high-iron hemoglobin, resulting in the loss of transporting oxygen function
[24]. Therefore, the water quality of potable water was
obviously improved by GPDBD system treatment.
After treatment, the metal ions, such as Fe, Mn and
Al, decreased at the rates of 75.0, 16.5 and 35.5%, respectively. The reasons of some anion and metal ion concentration decreases are possibly the intermediates formed in
the process of reaction with active species. The intermediates reacted with the metal ions to form the complex,
conjunct and sediment, which resulted in the decrease of
ions [24]. Cu increased by 95.6%, but within the water
quality standard. It could be inferred that Cu element
dissolved into the water because of the spillage of cell
substances after the reaction with hydroxyl radicals. The
pH and conductivity remained almost constant during
treatment processes. The TDS increased by a minor rate
of 7.8%. The turbidity decreased by 32.4%, indicating
that treatment processes obviously improved the transparency of water. TN had an increase, but within the water
quality standard. All these results show that the GPDBD
system not only kills all microorganisms but also improves the quality of potable water to a great extent.

C (%)

Energy consumption
(kWh/m3)

References

2

This paper

100

3.4 Energy Consumption

The above investigation focused on the effectiveness
of the GPDBD system in eliminating all kinds of microorganisms in potable water. However, in practice, energy
consumption is an important consideration. According to
the above results from potable water disinfection test, the
bacteriological characteristic of water samples is able to
meet US EPA water-quality standard (500 cfu/ml) when 1
and 5 L water samples were treated by GPDBD system
for 0.5 and 1 min, respectively. Therefore, when samples
were treated for 0.5 and 1 min, the energy consumptions
of GPDBD processes were calculated, respectively. The
results are shown in Table 3. In addition, the study results
by other researchers for drinking water disinfection by
using UV irradiation and sonication/ultrasonic irradiation
methods are also given in Table 3.
It can be found that the energy consumption of GPDBD
system was calculated to be 0.5 KWh/m3 with treatment
capacity of 1 L, and 0.2 KWh/m3 with treatment capacity of
5 L, respectively. Most importantly, these energy consumptions are much lower than those obtained by using UV irradiation (3.3 KWh/m3) and sonication/ultrasonic irradiation (2.5 KWh/m3) methods in lab-scale studies [8, 12].
However, much lower consumption (0.0085 KWh/m3) was
found with UV disinfection method in Jinan water purification plant [34]. These results indicate that energy consumption is dependent on the disinfection method, the
water quality and the treatment water quantity. Therefore,
further energy consumption reduction could be possible in
the process of commercial scale-up by improving GPDBD
design, such as using ceramic as a dielectric, increase number of channels to increase the active species generation
rate etc.
4. CONCLUSION
This work demonstrates that the present GPDBD system was effective in killing selected kinds of microorganisms in water. The inactivation time of Gram-negative bacteria was shorter than that of the Gram-positive bacteria. The
potable water disinfection processes could be completed
within 1 min a gas flow-rate of 7 L min−1 and an applied voltage of 20 kV. The water quality of potable
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water was improved during the treatment processes,
except for AOC which was increased by 51.0%. The
energy consumption was noted to be 0.2 KWh/m3 with
treatment capacity of 5 L, which is much lower than
those obtained by using UV irradiation (3.3 KWh/m3)
and ultrasonic irradiation (2.5 KWh/m3) methods in
lab-scale.
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1. INTRODUCTION

ABSTRACT
Aerobic composting is a useful method of waste
treatment, and addition of composting products to soil is a
common measure for improving soil fertility. However,
typically, CO2 is released during composting. In view of
low-carbon technology, it is important to determine ways
to decrease the amount of CO2 released and increase the
yield of humus, a stable and good soil conditioner, during
the composting process. In the study, agroforestry waste
and kitchen garbage were prepared to examine the effects
of turning frequency and its underlying mechanism on
mass or total carbon (TC) reduction, humification, and
stabilization of organic matter during composting. The
results indicated that mass reduction and humification
level varied with different turning frequencies (turned
once every 2, 4, and 6 days). The compost turned once
every 4 days exhibited the highest mass reduction rate of
50.5%, but lowest TC reduction rate of 77.4% after 62
days. The 40-kg compost, turned once every 2 days, presented the highest humic substances (HS) yield of 1034.5
g from initial 131.1 g. All the three composts reached
maturity after 62 days, and the sample turned once every
4 days showed the highest degree of maturity. Thus,
higher turning frequency favoured mass reduction and HS
production, but not carbon mineralization, generating
more HS and releasing less CO2. Moreover, variations in
temperature and O2 supply caused by different turning
frequencies could have influenced microbial biomass and
related enzyme activities, which, in turn, could have regulated mineralization and humification of the composts.

KEYWORDS: Composting, turning frequency, reduction, humification, stabilization, microbial mechanism
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As an important part of the soil matrix, humic substances (HS) account for 60–80% of the soil organic matter [1]. HS are refractory, dark-coloured, and heterogeneous organic compounds [2], consisting of humic acids
(HA) and fulvic acids (FA) [3]. They contribute to the
formation and stability of soil aggregates, which can effectively improve the soil properties, and thus can help in
plant growth [4]. In other words, HS have a beneficial
effect on soil fertility [5].
Composting is an aerobic process of transformation
of organic matter into minerals and humus-like substances
through mineralization and humification by the action of
microorganisms, combined with chemical and physical
reactions [6]. Humification results in stable humus, which
is a good soil conditioner for long-term soil improvement,
while mineralization generates large amounts of CO2,
which is a greenhouse gas (GHG). Therefore, composting
is a typical process of GHG emission. In general, as a
method of waste treatment, traditional composting practice mainly focuses on mineralization and mass reduction,
and pays less attention to humification and humus yield
[7]. Considering the situation of global warming caused
by CO2, to achieve the goals of low-carbon composting
and reuse of composts, it is important to decrease CO2
emission and improve the humification process to increase humus generation during composting.
Many factors, such as aeration rate, temperature and
C/N ratio, may influence composting [8], and their optimization is essential for efficient mineralization and humification. Shan et al. (2013) [9] found that the ratio of
straw and kitchen waste is directly related to the mineralization and humification efficiency during composting.
Furthermore, it has been reported that pile-turning is a key
factor in the composting process because it can influence
the temperature, moisture, and O2 through physical disturbance, and can thus regulate the decomposition of the
composts [10]. However, to date, there is still a lack of
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complete understanding of the effects of turning frequency on mineralization and humification during composting.
In this study, for the development of a relatively lowcarbon composting technology, agroforestry and kitchen
wastes were selected as raw materials to study the effects
of turning frequency and its underlying mechanism on
mass or total carbon (TC) reduction, humification, and
stabilization of organic matter during composting.
2. MATERIALS AND METHODS
2.1 Materials

Straw stems, consisting of reed, rice and wheat, were
harvested in October 2010 in Chongming Island. They
were chopped into 2–4 cm pieces and used for composting. Kitchen garbage, collected from the canteen in
Chongming Dongtan Wetland Park in October 2010, was
sorted to remove non-biodegradable substances for subsequent adjustment of the C/N ratio of the compost.
2.2 Experimental design and operation

The compost piles were subjected to one of the three
turning frequencies. The composting process turned once
every 2, 4, and 6 days was denoted as treatment #1, #2,
and #3, respectively. Each treatment comprised straw and
kitchen garbage mixed at a mass proportion of 2:1 (dried
weight) with a C/N ratio of about 30:1, and the moisture
content (MC) was adjusted to 55–60%. The compost
mixtures were added to 200-L PVC incubation barrels for
each treatment in November 2010, and then incubated for
62 days. The composting experiments with different turning frequencies were carried out in triplicate.
Each incubation barrel was filled with large pieces of
broken stone from the bottom to 10-cm height, and a hole
of 2.5 cm in diameter was made in the bottom for drainage. In the middle of each barrel, a small hole was made
for measuring the temperature. The artificial turnover
protocol ensured the supply of required O2, heat dissipation, as well as moisture evaporation during the composting procedure.
2.3 Sampling

Each sample was collected on day 0, 23, 45, and 62
from five random points in each incubation barrel, according to the standard sampling methods [11], and thoroughly mixed. Portions of the fresh samples were handled
immediately for enzyme activity (sieved < 2 mm) analysis, while the rest was air-dried and stored at room temperature for assay of other characteristics. The results
reported for each sample are the mean values of triplicate
analysis.
2.4 Analytical methods

The TC was measured using a Vario EL III elemental
analyzer (Elementar, CNHOs, Germany) [12]. The total

organic carbon (TOC) was measured using a TOC analyzer (TOC-VCPN, Shimadzu, Japan) with a SSM-5000A
solid burning. The weight loss of compost after composting was measured by the gravimetric method using ovendried compost samples before and after composting [13].
For the evaluation of HS, HA, and FA [14], 1 g of dry
compost was extracted with 15 ml of aqueous alkaline
solution (0.1 mol L-1 NaOH + 0.1 mol L-1 NaP2O7, v/v =
1/1). After 24 h of incubation with shaking, the mixture
was centrifuged (3500 rpm, 30 min) and the supernatant
was used to determine the TOC-1 (HS + non-HS) by
employing a TOC-VCPN analyzer. Subsequently, small
amounts of 6 mol L-1 HCl (approximately 200 µl) were
added to the remaining 10-ml supernatant to adjust the pH
to 2. The resultant slurry was incubated in an 80 °C water-bath for 2 h, stationarily incubated overnight at room
temperature, and then centrifuged. The precipitate that
resulted from this procedure was HA, and the TOC value
of the supernatant was analyzed and denoted as TOC-2
(FA + non-HS). A 5-ml aliquot of the supernatant was
passed through a DAX-8 column by gravity flow. The
effluent, which included non-HS, was collected, and the
TOC was analyzed and denoted as TOC-3 (non-HS).
Before application to the DAX-8 column, 5 ml of 0.1 mol
L-1 HCl solution was passed through the column, and the
TOC in the effluent was analyzed to determine the background level, which was approximately 1.2 mg L-1 (detection limit of TOC analysis, 0.05 mg L-1). The concentration of dissolved organic carbon in HS ([HS-C]), HA ([HAC]) and FA ([FA-C]) was then calculated as follows:

[ HS -C ] = [TOC -1] − [TOC -3]

(1)

[ HA-C ] = [TOC-1] − [TOC-2]

(2)

[ FA-C ] = [TOC-2] − [TOC-3]

(3)

The HA/FA ratio was estimated using [HA-C] of
[FA-C]:

HA / FA =

[ HS -C ]
[ FA-C ]

(4)

The β-glucosidase activity of the compost was determined using the methods developed by Deng and Tabatabai (1994) [15]. The dehydrogenase activity was measured according to the reduction of triphenyltetrazolium
chloride (TTC) in a colorimetric assay [16]. ATP, which
can reflect the active microbial biomass [17], was measured using a Profile-1 bioluminescence detector (3560
10X, New Horizons Diagnostics, USA) after extracting
the compost with a 0.05% benzalkonium bromide solution (BAB) (4 times the sample volume) [18].
2.5 Statistical analysis

All data presented are the mean values of three measurements. SPSS13.0 software was used for statistical
analysis, and the results were subjected to an ANOVA
test. The graphs were plotted using Origin 7.5.
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3. RESULTS AND DISCUSSION
3.1 Effects of turning frequency on organic matter reduction
and humification during composting

During the composting process, TC is mainly reduced
by mineralization to CO2 [19], which is referred to as
GHG [20].
In this experiment, the initial mass of compost was 40
kg. After 62 days of composting, the three treatments
exhibited a significant reduction relative to the initial
compost weight (Table 1). Specifically, treatments #1 and
#2 showed a mass reduction of 49 and 50.5%, respectively, while treatment #3 exhibited a mass reduction of
only 46.8%. In contrast, treatments #1 and #2 presented a
lower reduction of TC (77.8 and 77.4%, respectively)
than treatment #3 (81.8%), indicating that treatment #1
(turned once every 2 days) and treatment #2 (turned once
every 4 days) benefited from mass reduction, but not
carbon reduction. These results demonstrate that application of rapid turning frequency during composting of
straw resulted in higher mass reduction, but lower carbon
mineralization and, consequently, lower GHG release.
TABLE 1 - Reduction rate of composting mass and total carbon
(TC) in different turning frequencies.
Treatment
The initial mass (kg)
The final mass (kg)
Reduction rate of mass loss
(%)
The initial TC (kg)
The final TC content(g kg-1)
The final TC (kg)
Reduction rate of TC loss (%)

#1
40
20.4±0.5
49.0

#2
40
19.8±0.7
50.5

#3
40
21.3±0.2
46.8

17.01±0.05
185.4 ±25.1
3.78 ± 0.51
77.8

17.02±0.03
194.5 ±20.3
3.85 ± 0.40
77.4

17.01±0.08
145.3 ±18.7
3.09 ± 0.40
81.8

TABLE 2 - Humus production of composting mass in different
turning frequencies.
Treatment
#1
#2
#3
The initial HSa (g)
131.1±1.5
131.5±2.1
131.9±0.7
The initial HAb (g)
47.6±0.4
47.5±0.5
47.1±0.3
7.7±0.07
7.8±0.03
The initial HS-C/TCc (%) 7.7±0.03
d
2.8±0.03
2.8±0.03
2.8±0.003
The initial HA-C/TC
(%)
1034.5
762.7
758.9
The final HSa (g)
776.6
594.3
509.5
The final HAb (g)
19.8
19.7
The final HS-C/TCc (%) 27.3
15.0
14.3
The final HA-C/TCd (%) 19.7
a
HS: humic substances; b HA: humic acids; c HS-C/TC is the ratio of
HS-C to TC in the final composts; d HA-C/TC is the ratio of HA-C to
TC in the final composts

As shown in Table 2, treatment #1 caused the highest
degree of increase in HS-C/TC from 7.7 to 27.3%, and
HA-C/TC from 2.8 to 19.7%, followed by treatment #2,
with HS-C/TC increased from 7.7 to 19.8%, and HAC/TC increased from 2.8 to 15.0%; on the other hand,
treatment #3 exhibited the lowest degree of increase in
HS-C/TC from 7.8 to 19.7%, and HA-C/TC from 2.8 to
14.3%. Moreover, there were similar trends of HS and
HA yield among the three treatments. After 62 days of
composting, in treatment #1, the total amount of HS in-

creased from an initial value of 131.1 g to 1034.5 g, and
that of HA increased from 47.6 g to 776.6 g, followed by
treatment #2, in which the HS increased from 131.5 g to
762.7 g, and HA increased from 47.5 g to 594.3 g; the
lowest increase in HS from 131.9 g to 758.9 g and HA
from 47.1 g to 509.5 g was observed in treatment #3.
Treatment #1 was found to be the best with respect to the
yield of HS and HA after 62 days of composting, and
treatment #3 was the worst.
Composting involves aerobic biological decomposition as well as physical and chemical processes that convert labile organic matter to CO2, water vapour, ammonia,
inorganic nutrients, and a stable organic material containing humic-like substances [21]. Pile-turning causes disturbance, thus affecting the reaction temperature and O2
supply level of the compost, which, in turn, influence
matter transformation. The higher mass reduction observed in treatments #1 and #2 may be the reason that
higher turning frequency causes greater disturbance to the
composting system, leading to inorganic elemental losses
along with the leachate and evaporation of moisture. The
lower TC reduction in response to treatments #1 and #2
may reflect the decrease in the reaction temperature as a
result of higher turning frequency, which is not conducive
for organic carbon degradation. In this study, the main
portion of the mixture waste was straw, and the main
carbon components of straw are lignin and cellulose.
Some studies have indicated that complex organic compounds such as lignocellulose are mainly degraded by
thermophilic bacteria [22]. Tuomela et al. (2000) [22]
found that elevated temperature during the composting
procedure is essential for rapid degradation of lignocellulose. In their experiment, the temperature of the composting system that was turned once every 2 and 4 days usually remained at 35–42 °C, which is relatively below the
optimum temperature of 40–50 °C for lignocellulose
degradation [22], leading to low lignocellulose degradation, and thus, less carbon loss.
Furthermore, turning increases O2 supply to the compost through physical disturbance. It is known that different aeration rates lead to significant changes in organic
matter mineralization [23]. Moreover, high O2 level will
generally lead to lignin degradation [24]. However, in this
study, turning once every 2 days resulted in more HS
production and less organic matter (lignocellulose) degradation. This may be because, in normal composting, the
turning frequency is usually once a week to create a micro-aerobic environment [25]; thus, in the present study,
turning once every 2, 4, and 6 days provided sufficient O2
for organic matter degradation, resulting in O2 hardly
being a limiting factor in lignocellulose degradation and
temperature playing a key role in the procedure. In summary, higher turning frequency favoured mass reduction
and HS production, but decreased organic carbon mineralization, indicating decrease in the amount of CO2 released but increase in the generation of HS, a soil improver.
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3.2 Effects of turning frequency on organic matter stabilization during composting

The degree of maturity of HS directly determines the
quality and stability of the compost products. It has been
reported that HS of different maturity degrees, when
added to the soil, release different amounts of CO2 following soil respiration [26].
25

Day 0
Day 23
Day 45
Day 62

HA-C/TC (%)

20

15

10

5

0
1
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Different treatments

FIGURE 1a - HA-C/TCa (%) of composting mass in different turning frequencies (aHA-C/TC is the ratio of HA-C to TC in the composts on day 0, 23, 45 and 62).

10.0

macro-molecular substances [28]. Therefore, the relative
distributions of HA and FA in TC may be used to predict
the stability of composts. In this study, we selected HAC/TC, FA-C/TC, and HA/FA ratios as indicators to investigate the stability of the compost obtained with different
turning frequencies.
The changes in the HA-C/TC and FA-C/TC ratio during composting are shown in Figs. 1a, b. During composting, the HA-C/TC ratio of the three treatments showed a
slow increase in the early 45 days, and a rapid increase in
the later period, and finally, exhibited a high and steady
level. On the other hand, the FA-C/TC ratio of the three
treatments increased slowly in the early 23 days, remained
in a state of fluctuation in the later composting period, and
finally, reached a steady level. Finally, the compost products contained a lower level of FA and a higher level of
HA.
In general, fresh compost contains low level of HA
and relatively high level of FA [29, 30]. During the early
period of composting, organic matter rapidly gets degraded
into FA. FA are relatively small, simple-structured, and
labile-degraded HS, which are further degraded to CO2 or
condensed to stable-structured HA. As a result, during the
later period of composting, a marked increase in FA content could not be observed, but a rapid increase in HA
content could be noted. Finally, at the end of the composting process, both HA and FA levels become constant.

Day 0
Day 23
Day 45
Day 62

4

Day 0
Day 23
Day 45
Day 62

7.5

HA/FA ratio( g/g)

FA-C/TC (%)

3

5.0

2.5

2

1

0.0
1

2

0

3

1

Different treatments

FIGURE 1b - FA-C/TCa (%) of composting mass in different turning frequencies (aFA-C/TC is the ratio of FA-C to TC in the composts on day 0, 23, 45 and 62).

There are many parameters that can be used to assess
the quality of compost, such as E4/E6 and humification
index (HI) [27]. HS is a major part of matured compost;
thus, the stability of compost products primarily depends
on the stability of HS [26]. Generally, the humification
process involves pathways for HA and FA formation and
their inter-conversions; thus, HS includes both FA, which
consists of relatively activated small molecules, and HA,
which represents more stable and condensed forms of

2

3

Different treatments
a

FIGURE 2 - HA/FA ratio (g/g) of composting mass in different
turning frequencies (aHA/FA ratio is the ratio of HA-C to FA-C in
the composts on day 0, 23, 45 and 62).

Inbar et al. (1990) [31] considered a HA/FA ratio
higher than 1.6 to indicate higher stability of the compost.
As shown in Fig. 2, herein, HA/FA ratio increased from
0.58 in the raw material to 2.5–3.1 in the final composts
obtained with different turning frequencies, indicating
that all of them tend to produce stable HS, and that turning once every 4 days resulted in the highest degree of
stabilization. Accordingly, when these substances are added
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to the soil, they may persist for a long period of time
hardly undergoing any marked degradation, theoretically.
On comprehensively considering the reduction of mass
and TC as well as HS yield and its stability, higher turning frequency was noted to be a suitable treatment for
reducing carbon emission and producing high-quality soil
conditioner, namely, HS.
After 62 days of composting, the three compost products were used in pot experiments as conditioners to improve soil fertility. The preliminary results showed that
the most matured composts (turned once every 4 days)
produced the lowest soil respiration, which was even
lower than that observed in the control group, and the
plant biomass was 1.67-fold higher than that of the control group. Further details of this research are discussed in
other studies.
3.3 Relationship between microbial properties and organic
matter reduction and humification

Microbial activities have a significant effect on the
composting procedure, and can indicate the compost status
and help in detecting the mineralization and humification
processes [32]. Active microbial biomass is an essential
parameter reflecting the total microbial activities [33],
while dehydrogenase activity refers to a group of mostly
endocellular enzymes that catalyze the oxidation and
reduction of organic matter [34]. β-Glucosidase, which is
one such enzyme, is involved in the enzymatic degradation of cellulose [35]. During composting, the formation
of HS relates to many complex redox reactions [36], and
the mineralization process is correlated with lignin and
cellulose decomposition; thus, humification and mineralization might be related to dehydrogenase and β-glycosidase

activity. To explain the role of microbial activities in the
humification and mineralization processes, the parameters
of microbial biomass (reflected by ATP), dehydrogenase
activity, and β-glycosidase activity on day 62 of composting were tested.
The results presented in Table 3 show that the ATP
content on day 62 differed among the treatments. The
mean ATP content was significantly higher in treatment
#1 than that in treatment #3 (4.44×10-8 and 3.4×10-8 mol
g-1, respectively; P = 0.049 < 0.05). However, the mean
ATP content in treatment #1 (3.82×10-8 mol g-1) was
slightly higher than that in treatment #2 (3.4×10-8 mol g-1,
P > 0.05). In addition, the mean ATP content was also
slightly higher in treatment #2 than that in treatment #3.
With regard to dehydrogenase and β-glycosidase activities, slight differences were noted among the three treatments on day 62 of composting (Table 3).
Pearson’s correlation analysis was carried out to better determine the effects of the three important microbial
factors on HS production and reduction rate of TC loss.
As shown in Table 4, dehydrogenase had significant correlation with HS production (P = 0.013), presenting the
highest positive correlation coefficient (0.863). Therefore,
dehydrogenase was inferred to play a key role in the variability of HS production among the different treatments.
Vuorinen and Saharinen (1997) [37] reported that high
dehydrogenase activity is related to the activity of highly
acidic humic fraction, and dehydrogenase activity has
been confirmed as an indicator of compost maturity [38].
Furthermore, in the present study, the correlation between the reduction rate of TC loss and ATP was also
examined. ATP was found to have a significant correla-

TABLE 3 - Dehydrogenase, β-glycosidase and ATP after 62 days in different turning frequencies.
Treatment
#1
#2
Dehydrogenase (mg TPF g-1 d-1 )
12.63 ± 1.56(a)
11.73 ± 1.42(a)
β-Glycosidase (µg g-1 h-1)
471.5 ± 31.6(a)
457.3 ± 63.5(a)
4.44 ± 0.3(a)
3.82 ± 0.26(ab)
ATP (10-8 mol g-1)
Different lowercase letters indicate a significant difference at P < 0.05

#3
11.82 ± 1.19(a)
437.4 ± 45.4(a)
3.4 ± 0.32(b)

TABLE 4 - Coefficients of Pearson’s correlation between HSa production and microbial factors after 62 days.
HS production
Dehydrogenase
HS production
1.000
Dehydrogenase
0.863* b
1.000
β-Glycosidase
-0.127
-.0.589
ATP
0.678
0.275
a
HS: humic substances; b *:Correlation is significant at the 0.050 level

β-Glycosidase

ATP

1.000
0.471

1.000

TABLE 5 - Coefficients of Pearson’s correlation between reduction rate of TCa loss and microbial factors after 62 days.
Reduction rate of TC loss
Reduction rate of TC loss
1.000
Dehydrogenase
0.019
β-Glycosidase
-0.484
ATP of mass
-0.787* b
a
TC: Total carbon; b *:Correlation is significant at the 0.050 level
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Dehydrogenase

β-Glycosidase

ATP

1.000
-.0.589
0.275

1.000
0.471

1.000
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tion with the reduction rate of TC loss (P = 0.032), presenting the highest negative correlation coefficient (−0.787,
Table 5). In general, with the initial amount of organic
matter being equal, if more organic matter is degraded, then
more microbial biomass is generated [39]. However, the
result obtained in this study was the opposite.
There are many parameters that can influence microbial and enzymatic activities. In this study, turning frequency can influence temperature and O2 supply level
during composting, which can, in turn, influence microbial
characteristics. Low turning frequency leads to low level of
O2 supply and high temperature, which are not suitable
for the growth of many mesophilic bacteria. Conversely,
high temperature can lead to the propagation of thermophilic bacteria, which can subsequently degrade lignocellulose, thus causing high TC losses and low total microbial biomass. High turning frequency leads to high level
of O2 supply and low temperature, resulting in high total
microbial biomass (mesophilic bacterial growth), but
relatively low rate of lignocellulose degradation owing to
the unsuitable environment for the growth of thermophilic
bacteria. In addition, dehydrogenase, which is related to
HS production, has been reported to be effective at relatively low temperature, normally in the natural environment [40]. Therefore, the relatively lower temperature
resulting from higher turning frequency may also benefit
dehydrogenase activity, and thus HS production.
In general, high level of O2 supply and high temperature are conducive for the reproduction of thermophilic
bacteria, which can degrade lignin and cellulose. However,
the results obtained herein imply that temperature has a
greater effect on lignin and cellulose degradation during
composting than the level of O2 supply. The reason for this
observation is that, under the applied conditions (turning
once every 2, 4, and 6 days for small-scale composting),
the O2 supply level was sufficient for microbial growth
and, therefore, was not a key factor influencing composting
[25], when compared with temperature.

improve soil fertility. The preliminary results showed that
the most matured composts (turned once every 4 days)
produced the lowest soil respiration, which was even
lower than that observed in the control group, and the
plant biomass was 1.67-fold higher than that of the control group.
(4) Microbial biomass and dehydrogenase activity
differed in composts subjected to different turning frequencies, which influenced the efficiency of lignin and
cellulose degradation and humification. The variations in
temperature and O2 supply levels caused by different
turning frequencies may have led to the differences in
microbial biomass and dehydrogenase activity.
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ADSORPTION OF Cr (VI) FROM AQUEOUS SOLUTION BY
SLUDGE-BASE ACTIVATED CARBONS OBTAINED FROM
CHEMICAL AND PHYSICAL ACTIVATION
Ruzhen Xie, Wenju Jiang, Hui Wang, Yanxin Jiang, Xiang Huang and Yao Chen*
College of Architecture and Environment, Sichuan University, Chengdu 610065, China

ABSTRACT
Activated carbons were developed from sewage sludge
by chemical and physical activation. It was found that
chemical activation can produce carbons with better textual
structures, which is more favorable for Cr (VI) uptake
compared with those produced by physical activation. The
analyses of N2/77K adsorption isotherm methods showed
that chemical activation can make activated carbons with
relative larger SBET surface area and higher porosity. FTIR
results revealed functional groups presented on both kinds
of carbons’ surface, which were responsible for Cr (VI)
adsorption. The adsorption capacity was investigated on
adsorbent dosage, solution pH, contact time, solution concentration and reaction temperature. The data showed that
Cr (VI) removal was highly pH-dependent. The maximum
adsorption of Cr (VI) for both carbons was achieved at pH
3.0. The adsorption process fitted pseudo-second-order
kinetics well and the equilibrium was reached after 4 h
reaction. Equilibrium data was described by the Langmuir
isotherm model and the maximum adsorption capacity of
Cr (VI) by ACC (chemical activated carbon) was 38.168
mg/g at 50 ºC. It was much higher than ACP (0.079mg/g)
which was produced by physical activation.
KEYWORDS:
Sewage sludge; Activated carbon; Metal ion; Adsorption

1. INTRODUCTION
Sewage sludge is an inevitable residue generated in
the urban wastewater treatment process. Over 8 million
dry tons of sewage sludge are generated in the USA annually as reported by U.S. EPA [1]. More than 10 million
dry tons of sewage sludge are produced in the EU every
year [2], and about 22 million tons of moist sewage sludge
are produced in China every year [3]. Sewage sludge is
composed of organic materials, bacteria and mostly water,
including offensive, pathogenic and toxic substances, com* Corresponding author

pounds which could negatively affect the environment [4].
The traditional ways of disposing sewage sludge include
three categories: farmland application (60%), landfill (20%),
and incineration (17%) [5]. However, farmland application is limited due to the high concentration of toxic organic and inorganic constituents in sewage sludge, which
create a potential for human exposure to these organisms
through direct and indirect contact. Landfill and incineration have the problem of insufficient land and the exhaust
gaseous emissions, which results in inapplicable due to
increasing competition for landfill space, higher costs,
and more stringent environmental standards. All of these
problems have prompted a growing research interest of
developing effective forms of disposing or utilizing sewage sludge [6-8]. Thermal processes such as wet oxidation,
pyrolysis or gasification have attracted ever-interesting
interests and being suggested as potential alternatives for
sewage sludge disposal [2].
Activated carbon is a carbonaceous adsorbent with a
highly developed porous structure. Due to its extensive
surface area, favorable pore size distribution, and high
degree of surface reactivity, activated carbons are widely
used in organic and inorganic matters removal. Preparative methods for porous carbons can conventionally be
realized in two ways, physical and chemical process [9].
Chemical activation usually combines the carbonization and
activation steps. Chemical activation involves the treatments of precursor by dehydrating chemical agents such
as phosphoric acid, zinc chloride or sulfuric acid, these
chemical agents may promote the formation of cross-links,
leading to the formation of a rigid matrix, which is less
prone to volatile loss and volume contraction under high
temperatures treatment. [10].
Since chemical activation usually takes place at a
lower temperature than physical activation, the energy
cost of chemical activation is lower and the yields are
higher, so the development of porous structure is not so
good as physical activation [11, 12]. In the physical activation process, the raw material is firstly carbonized and
then activated using steam or carbon dioxide with high
temperature. During the carbonization, volatile components
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are released and graphite is formed. In the activation
process, the carbon is removed selectively from an opening of closed porosity, and realigns to form a pore structure, thus the average size of the micropores is increased.
In the present work, an attempt was made to prepare
two kinds of activated carbons by typical chemical and
physical activation process from sewage sludge. The
produced carbons were characterized by various techniques
and were applied to remove Cr (VI) from aqueous solution.
This paper had two aims: first, to demonstrate differences
in physical and chemical properties of the carbons produced by two conventional activation methods, and second,
the adsorption equilibrium isotherms, adsorption kinetics and
thermodynamics were examined to investigate how Cr (VI)
removal is related to carbon physical and chemical properties.
2. MATERIALS AND METHODS
2.1 Preparation of activated carbon from sewage sludge

Dewatered surplus sludge from a local municipal
wastewater treatment plant was used as the precursor to
prepare the activated carbons. The proximate and ultimate
analyses of the raw sludge were listed in Table 1.
The raw sludge was dried in the oven at 105 °C for
72h, after cooling down to room temperature, they were
grounded and screened through a 100–mesh sieve.
2.1.1. Chemical activation

Chemical activation was carried out following our
previous study [13]. 12g sludge powder was impregnated
with 30 mL activating agent consisting of ZnCl2 (6 M)
and H2SO4 (wt.35%) in a volume ratio of 4:1 for 24 h
at room temperature. After 40 min pyrolysis at 550 °C
under a 100 mL/min purified N2 flow, the carbonization
samples were cooled down to room temperature in the
furnace. The product was washed with 3 M HCl and subsequently with hot distilled water, and then, the final
product was dried, crushed and sieved through a 200-mesh
filter for further tests.
2.1.2 Physical activation

30 g sewage powder was carbonized in a muffle furnace with a constant heating rate of 10 °C min-1 and kept at
600 °C for 1h under the flow of nitrogen (N2) gas (100 mL
min-1). Following the carbonization, the resulting products
were activated under carbon dioxide stream. For physical
activation, carbonized samples were heated to the activation

temperature 800 °C under nitrogen flow (100 mL min-1)
with a heating rate of 10 °C min-1, when the temperature
reached 800 °C, nitrogen flow was switched to carbon
dioxide stream. Carbon dioxide was introduced at a flow
rate of 1200 mL min-1. Furnace temperature and steam flow
rate were kept constant during 1 hour’s activation. At the
end of the activation period, the sample was cooled under
N2 atmosphere. The final product was washed with 3 M
HCl and subsequently with hot distilled water, dried,
crushed and sieved through a 200-mesh filter for further
tests.
The activated carbons were designated as ACC and
ACP according to chemical and physical activation.
2.2 Characterization of the produced carbon

The BET surface area and pore structure of the produced carbon (outgassed under vacuum at 200 ºC before
analysis) were obtained from N2 adsorption isotherm at
77K using Surface Area Analyzer (SSA-4200, China). From
the isotherm data, BET surface area, micro-, total volume
and mean pore radius were calculated. The iodine value of
activated carbon was estimated according to GB/T12496.81999, China. The MB concentration was obtained at the
equilibrium adsorption with an initial concentration of
1000 mg/L using a UV–vis spectrophotometer (UV-1100,
Shanghai, China), at a wavelength of 660 nm. A Fourier
Transform Infrared Spectrometer (FTIR 6700 NEXUS
Nicolet, USA) was used to analyze the surface functional
groups, where the spectra were recorded from 400 to
4000cm-1 using KBr window.
2.3. Adsorption experiments

Stock solution (100 mg/L) of Cr (VI) was prepared
by dissolving analytical grade K2Cr2O7 in de-ionized
water. Adsorption experiments were performed by batch
experiments. The effect of changing the adsorbent dose on
the removal of Cr (VI) was studied by varying the concentration of the adsorbent from 0.2 to 10 g/L, which was
added to Erlenmeyer flasks containing a fixed initial concentration (25 mg/L) of Cr (VI) solution, the experiment
was carried out at initial solution pH and at room temperature. The pH profile of the carbons was investigated with
Cr (VI) concentration of 25 mg/L in batch experiments.
0.15g of activated carbon was mixed with 50 ml synthetic
metal ion solution in the pH range 1.0-7.0, the mixtures
were kept in a series of 150 mL Erlenmeyer flasks, the
flasks were shaken in a thermostated water shaker at a
constant rate 180rpm until the equilibrium was reached.
The pH of the solutions was adjusted by HNO3 or NaOH

TABLE 1 - Proximate and ultimate analysis (wt. %) of the raw sludge.
Proximate Analysis
Moisture content Volatile component
Ash content
Sludge
81.50
57.95
32.87
a
Calculated by difference.

Fixed carbon
7.18
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C
39

H
6.59

Ultimate analysis
N
S
5.85
2.29

Oa
46.27
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TABLE 2 - Texture properties of the produced activated carbons.

Sample
ACC
ACP

SBET
(m2/g)
277.40
11.30

Nitrogen adsorption
VN2total
VN2micro(cm3/g)
(cm3/g)
0.5825
0.1250
0.1506
0.0052

D mean
(nm)
4.20
26.60

Iodine value
(mg/g)

MB value
(mg/g)

581.59
85.00

226.92
59.95

solution. To observe the effect of initial solution concentration and contact time on the adsorption uptake, Cr (VI)
solutions with initial concentrations of 10-200 mg/L were
agitated with 0.15 g of ACC and ACP, respectively, at
different reaction temperature 293-313K. Chromium concentrations were measured by diphenylcarbazide method
at 540 nm wavelength using UV Spectrophotometer [14].
All experiments were carried out twice and mean values
were taken for discussion. All the reagents used in the
experiment were of analytical reagent grade.
3. RESULT AND DISCUSSION
3.1 texture properties of the activated carbons

Table 2 shows the textural properties of the chemical
and physical activated carbons. It was found that dehydrating chemical agents ZnCl2 and H2SO4 can convert sludge
into carbons with better texture properties than physical
CO2 activation. The small size of the ZnCl2 molecule and
its hydrates induced to produce micropores in carbons [15].
The BET surface area, total and micropore volume of
ACC were much higher than those of ACP. The values of
Iodine number which is considered to be associated with
micropore volumes fitted well with the results of Nitrogen
adsorption. The value of MB number showed a better
mesopore volumes in ACC [16].
3.2 FTIR spectra

The FTIR spectra of sludge, ACC and ACP were
demonstrated in Fig.1. As can be seen from Fig. 1a, with
physical activation, the IR spectrum of ACP was clearly
simplified compared with the raw sludge’s, and FTIR
spectra of ACC was similar to that of ACP as shown in
Fig. 1b. The most distinguishing changes between sludge
and final carbon products were the disappearance of
wavelength bands at 2913, 2846, 1537 and 1413 cm-1. The
bands observed at 2913 and 2846 cm-1 are special vibration
of aliphatic C–H groups [17]. The bands at about 1537 and
1413 cm−1 can be ascribed to the reduction of organic fraction of the raw sludge due to carbonization and activation.
Fig. 1b revealed the similar surface chemistry of ACC and
ACP. The band at around 3420 cm−1 can be assigned to the
–OH stretching vibration mode of the hydroxyl functional
groups. The peaks observed at 1620 cm−1 in both spectra
were caused by the stretching band of carboxyl groups
[18]. The absorption band at 1040 cm−1 corresponding to
the C–O stretching vibration [19]. All these groups indicated existence of oxygen functionalities on both kinds of
carbon surface.

FIGURE 1 - FTIR spectrum of the (a) Sewage sludge and ACP, (b)
ACC and ACP.
3.3 Adsorption experiment
3.3.1 Effect of dosage

The effect of ACC and ACP dosage on the adsorption
of Cr (VI) ions was investigated in the range of 0.2 10g/L as shown in Fig. 2. As Fig. 2 shows, the percentage
of Cr (VI) removal from aqueous solution increased significantly from 2.12 % to 82 % when the dosage of ACC
increased from 0.2 to 3g/L, and reached 100% with 10g/L
ACC addition. The reason for this phenomenon was that
by increasing the dosage of ACC, the number of availability
adsorption sites and surface area increased, which improve
the removal of Cr (VI). The removal of Cr (VI) by ACP was
not efficient, with increasing dosage from 0.2 to 3g/L, the
removal increased and reached 9.01%. It was observed that
by further increasing dosage of ACP, there was no obvious
effect on Cr (VI) removal. Hence, 3g/L of the ACC and
ACP was chosen as the optimum dosage in this experiment.
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3.3.3 Kinetics of adsorption

The effect of contact time on removal of Cr (VI) by
ACC was investigated and is shown in Fig. 4, the adsorption rate was relatively high at the first hour, and equilibrium was reached after 4h. The change in the removal rate
might be due to the fact that at beginning, all active sites
on carbons were vacant and also the solute concentration
gradient was relatively high. Consequently, the extent of
ion uptake decreased with contact time increasing. [22].
In the following experiments, shaking time of 6 h was
chosen to ensure to reach adsorption equilibrium.

FIGURE 2 - Effect of carbon dosage in Cr (VI) removal.
3.3.2 Effect of pH

The initial pH value of the aqueous solution is an important controlling parameter in the adsorption process.

FIGURE 4 - Effect of contact time on Cr (VI) removal by ACC (2050°C).

In order to explain the adsorption mechanism, the
data obtained from the kinetic experiments for the removal of Cr (VI) by ACC was analyzed with pseudo-firstorder and pseudo-second-order models [23-25]. The
pseudo-first-order equation is the most widely used rate
equation for the sorption of a solute from a liquid solution
and is commonly represented by:
FIGURE 3 - Effect of pH on Cr (VI) removal.

log(qe − qt ) = log qe −

The effect of pH on the adsorption of Cr (VI) on
ACC and ACP is shown in Fig. 3. The effect of pH on
Cr (VI) adsorption was studied in pH range of 1.0–7.0. It
was observed from Fig. 3 that the maximum Cr (VI) uptake was achieved at pH 3.0 for both ACC and ACP with
adsorption capacity of 7.26 and 2.22 mg/g, respectively.
At pH around 3.0, the predominant Cr (VI) species is
HCrO4−, which has a greater affinity towards the hydrogen ions present on the surface of the activated carbon
[20]. The higher adsorption capacity of ACC over ACP
may attributable to its higher porosity, which can be resulted in greater access of metal ions, and also led to a
larger number of active sites on the surface of ACC [21].
Although the maximum adsorption of Cr (VI) occurred at
pH 3.0, this lower pH of solution needed extra acid treatment which may not be economical. Therefore the subsequent experiments were performed at initial solution pH
(about 5.59).

k1
t
2.303

(1)

Where qe and qt are the amounts of adsorbate adsorbed (mg/g) at equilibrium and at any time, t (h), respectively and k1 is the rate constant of pseudo-first-order
adsorption (1/h). The values of k1 and qe were calculated
from slopes and intercepts of log (qe − qt) vs. t plots.
The pseudo-second-order equation is applied in the
following form:

t
1
1
=
+ t
2
qt k 2 qe
qe

(2)

Where k2 (g/mg min) is the rate constant, (g/(mg h)).
The values of qe (cal) and k2 were calculated from the
linear plot of t/qt versus t.
The comparison of experimental adsorption capacities and the theoretical values estimated from the pseudo-
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TABLE 3 - Kinetic parameters of the the pseudo-first-order and pseudo-second-order models for adsorption of Cr (VI) at different temperatures by ACC.

Carbon
products

Temperature

ACC

20°C
30°C
40°C
50°C

Kinetic models
Pseudo-first-order
qe (exp)
(mg/g)
6.602
7.250
7.443
7.626

qe (cal)
(mg/g)
0.561
0.952
1.141
1.406

k1

(1/h)
0.415
0.398
0.555
0.567

first and second order rate equations are presented in
Table 3, the correlation coefficients (R2>0.94) of the two
models are reasonably good for ACC. The pseudosecond-order model showed a higher correlation coefficient (R). Moreover, the qe (cal) values of the adsorbents
with the pseudo-second-order model are in close agreement with the experimental data. Therefore, the pseudosecond-order model is more likely to predict the behavior
over the whole experimental range of adsorption than the
pseudo-first-order model. This result also suggested that
the chemisorption was involved in the adsorption process
by ACC [26].

R

0.9453
0.9779
0.9704
0.9895

Pseudo-second-order
k2
(g/mg
h)
3.785
2.106
2.273
1.577

R2
0.9998
0.9995
0.9997
0.9995

tion in aqueous solution onto ACC and ACP. They are
given as below [27-31]:

ce
c
1
= e +
qe qm k L qm

Langmuir equation

(3)

Where qm is the maximum adsorption capacity when
the adsorbate has a complete monolayer on the adsorbent
surface, mg/g; kL is the Langmuir constant, L/mg, reflecting the affinity of the binding sites.

ln q e = ln k F +

3.3.4 Adsorption isotherms

The amount of adsorbed Cr (VI) onto ACC and ACP
at equilibrium was calculated and plotted as a function of
the equilibrium concentration of Cr (VI) in Fig. 5. As
shown in Fig. 5, the amount of adsorbed Cr (VI) on ACC
and ACP increased by increasing the temperature of the
Cr (VI) solution form 20 to 50 °C.

qe (cal)
(mg/g)
6.636
7.305
7.463
7.734

2

1
ln c e
n

Freundlich isotherm

(4)

Where kF is the Freundlich constant, (mg/g)(L/mg)1/n,
representing the adsorption capacity; 1/n is a constant
indicative of the intensity of the adsorption or surface
heterogeneity.

qe = B ln kT + B ln ce

Tempken isotherm

(5)

Where B = RT/b; kT is the equilibrium binding constant that corresponds to the maximum binding energy
(L/mg); and B is related to the heat of adsorption. R is the
universal gas constant (8.314 J/mol K) and T is the absolute temperature (K).
The isotherm parameters of ACC and ACP are presented in Table 4. From Table 4, Langmuir isotherm
model was found to best fit the experimental equilibrium
data at various temperatures with high values of correlation coefficients (R2 > 0.99). This leads to the suggestion
that the adsorbed molecules do not interact with each
other [30].

FIGURE 5 - Equilibrium adsorption isotherm of Cr(VI) onto ACC
and ACP under different temperature.

The adsorption isotherm indicates the distribution of
adsorption molecules between the liquid phase and the
solid phase when the adsorption process reaches an equilibrium state. In this study, three common isotherm models, the Langmuir, Freundlich and Tempken isotherms
were used to fit the experimental data for Cr (VI) adsorp-

The values of 1/n in Freundlich model were less than
one which also indicated favorable adsorption. The values
of Langmuir (Qm) and Freundlich (KF) of both carbons
were slightly increased with increasing temperature for Cr
(VI) from 20-50°C. The higher adsorption capacity of
adsorbents at high temperature may be attributed to the
enlargement of pore size [32]. The maximum uptake
capacities (qm) of ACC for Cr (VI) attained from Langmuir models revealed chemical activated carbons were
involved in Cr (VI) removal.
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TABLE 4 - Langmuir, Freundlich and Tempken constants related to the adsorption isotherms of Cr (VI) for ACC and ACP.
Isotherm models
Carbon
product

ACC

ACP

Langmuir
Temperature

Freundlich

Temkin

qm
(mg/g)

kL
(L/mg)

R2

kF
(mg/g
(L/mg)1/n)

20°C
30°C
40°C
50°C
20°C

27.027
30.488
32.468
38.168
0.039

0.105
0.122
0.139
0.177
363.658

0.9902
0.9912
0.9910
0.9917
0.9965

3.868
4.335
4.849
5.838
0.055

0.433
0.448
0.443
0.456
0.992

0.9601
0.9396
0.9208
0.8694
0.9991

1.408
1.971
2.900
4.531
1.456

33.070
17.471
7.706
4.711
0.004

0.9759
0.9899
0.996
0.9953
0.9024

30°C
40°C

0.046
0.067

665.354
510.238

0.9931
0.9949

0.056
0.084

0.925
0.910

0.9992
0.9986

2.006
2.634

0.084
0.090

0.8710
0.8790

50°C

0.079

695.856

0.9936

0.093

0.935

0.9991

3.270

0.005

0.8689

1/n

R2

B

KT
(L/mg)

R2
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ABSTRACT
The effects of lead (Pb) on seedling development and
subcellular structures, as well as Pb localization in the root
tip cells of Louisiana iris ‘Professor Neil’ were examined
using a nutrient solution culture containing 0–800 mg/L Pb
supplied as Pb(NO3)2 for 28 days. The root length, shoot
height, root number, leaf number, and dry weight of roots
and leaves of Louisiana iris ‘Professor Neil’ gradually
decreased as Pb levels increased, and the largest decrease
in root length, shoot height, root number, leaf number,
and dry weight of roots and leaves was observed under
the 800 mg/L Pb treatment. The index of tolerance (IT)
values gradually decreased as Pb levels increased, and the IT
value was 60% of the control in the presence of 800 mg/L
Pb. The subcellular structures of root and leaf cells exposed
to 800 mg/L Pb were partially destroyed. Pb deposits in
root cells treated with 800 mg/L Pb were observed in the
intercellular space and cell walls. These results indicated
that Louisiana iris ‘Professor Neil’ is a tolerant cultivar
that can be used for the phytoremediation of contaminated
environments.

KEYWORDS: Louisiana iris ‘Professor Neil’, lead (Pb), tolerance,
phytoremediation, subcellular localization

1. INTRODUCTION
Heavy metal concentrations have reached a toxic level
due to anthropogenic activities and urbanization [1], and
have been discharged into the major rivers and estuaries
of China. Environmentally safe strategies are required to
mitigate the high metal concentrations in aquatic ecosystems [2, 3]. Lead (Pb) poses a significant risk to the
environment and causes multiple endocrine effects, such as
renal dysfunction and male infertility [4]. Thus, Pb contamination requires remediation.
* Corresponding author

Plants have been used to detect and monitor the deposition, accumulation, and distribution of heavy metals, and
the leaves of higher plants have recently found increasing
use as biomonitors of heavy metal pollution in water. Pb is
one of the most important pollution sources of heavy
metals; excessive Pb restricts the normal growth of plants,
and through the accumulation of heavy metals in the food
chain disrupts the balance of the ecosystem; it has an
extremely negative impact on the ecological environment
[5, 6]. Many studies have shown that plant tissues and cell
structures are affected, or even destroyed, in plants exposed
to Pb, which disrupts plant photosynthesis and metabolic
processes, and inhibits normal growth [3, 7]. Root systems
are especially susceptible to metal stress, and root length
can be used as an index of tolerance [8–10]. To examine
the translocation and distribution of Pb in plants, one needs
to identify the pathways of Pb transport and localization of
Pb in the subcellular plant structure [11, 12]. The accumulation and localization of Pb has been observed as electrondense granules in the roots of some plants [3, 7, 13–15]. The
subcellular localization of Pb reflects chemical properties
and/or the role of Pb in plant physiology and ecology.
Among various plant groups used for phytoremediation, the plants of Iris L., such as Iris pseudacorus [7], I.
lactea var. chinensis [3, 16–18], and I. ensata var. hortensis [19] have attracted considerable attention because of
their ability to grow in heavily polluted water and accumulate high quantities of Pb or other heavy metals, concentrating them in both aboveground and underground
plant components. Louisiana iris, the hybrid derived from
five North American species including I. brevicaulis, I.
giganticaerulea, I. fulva, I. nelsonii, and I. hexagona [20],
is a water plant that originated in the swamps and marshes
of the Gulf Coast states. I. hexagona populations in
southern Louisiana have experienced salinity stress within
the last 2000–5000 years [21]. Louisiana iris cultivars are
found across the country, and the flowers are the most
colourful in the species of Iris, making it a popular landscape plant. However, little is known regarding the Pb
tolerance of Louisiana iris. Therefore, we assessed the
effects of Pb on the subcellular structure and examined Pb
localization in the root tip cells of Louisiana iris.
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2. MATERIALS AND METHODS
2.1 Seedlings and experimental design

Similar-sized buddings of Louisiana iris ‘Professor
Neil’ were separated from the rhizomes of mature plants.
After isolation of the buddings, they were carefully washed
and transferred into a 2-L plastic pot (3 plants in each pot)
containing 50% Hoagland nutrient solution [22]. After
4 weeks under natural light conditions, plants were treated
with solutions lacking Pb (CK) and containing 200, 400,
600, or 800 mg/L Pb as Pb(NO3)2, and the concentration
of nutrient solution was reduced to 10% Hoagland solution to prevent Pb precipitation. Each treatment consisted
of 3 pots (replicates). The solutions were supplemented
each week with nutrient solution containing different levels
of Pb. The experiment was conducted in a greenhouse at
ambient temperatures (15–25 oC) under natural light, at
Nanjing Sun Yat-Sen Memorial Botanical Garden, Jiangsu
Province, and the Chinese Academy of Science in Nanjing,
P.R. China.

the nutrient solution of the control, 400 and 800 mg/L Pb
for 2 weeks, the root and leaf samples were isolated and
washed. The root tip segment (approx. 5 mm long) and
leaf pieces (approx. 5 mm2) were cut at room temperature,
fixed in 2% glutaraldehyde in 50 mmol/L PIPES (pH 6.8),
and incubated in fixative solution for 3 h at room temperature. Samples were then washed in 50 mmol/L PIPES
buffer and post-fixed in 2% OsO4 for 2 h. After washing,
samples were dehydrated through an ethanol series and
embedded in Spurr’s resin. Ultrathin sections were obtained
using an ultramicrotome instrument (POWTIME-XL),
collected on copper support grids, and observed with an
H-7650 transmission electron microscope (TEM) at 80 kV.
2.4 Statistical analysis

One-way analysis of variance (ANOVA) in a randomized complete block design was performed to check
the variability of data and validity of the results. The data
were analyzed using a SAS software system (SAS Institute Inc. 1994).

2.2 Growth parameters

Plants were harvested after 28 days of exposure, and the
roots were immersed in 20 mmol/L Na–EDTA for 30 min.
Whole plants were then rinsed with deionized water, and
the average lengths of the roots and shoots were measured. The number of roots and leaves were represented as
the average of 3 plants for each replicate. The plants were
divided into 3 parts: the leaves, rhizomes, and roots. The
dry weights (DWs) were measured after drying leaves,
rhizomes, and roots at 80 °C to constant weight. The
index of tolerance (IT) was calculated according to Wilkins [10], as described below:
average length of roots in tested
average length of roots in control ×100%

IT=

2.3 Subcellular localization of Pb

The subcellular localization of Pb in root and leaf cells
was evaluated according to Sahi et al. [23], with minor
modifications. Briefly, after the seedlings were treated with
80
a

Root

3. RESULTS
3.1 Effects of Pb on plant growth

Figure 1 shows that the root length, shoot height, root
number, and leaf number of Louisiana iris ‘Professor
Neil’ decreased gradually as the Pb level increased. A
significant decrease (P>0.05) in shoot height, root number, and leaf number was observed at Pb concentrations
above 200 mg/L, and a significant decrease in root length
occurred at 600 mg/L Pb. The largest decrease in root
length, shoot height, root number, and leaf number was
observed at 800 mg/L Pb; the root length and shoot height
decreased to 40% and 26%, respectively, compared to the
control, and root number and leaf number decreased to
49% and 31%, respectively, compared to the control. Yellow leaves were observed after 28 days of Pb treatment,
and the roots of Pb-exposed plants changed from creamy
white to dark brown as the Pb concentrations increased.
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FIGURE 1 - The effects of different Pb treatments on the maximum root length, shoot height, and root and leaf number of Louisiana iris
‘Professor Neil’ (values represent the means ± SE of 3 replicates; data with different letters on the different columns indicate significant
differences (P<0.05)).
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3.2 Effects of Pb on seedling biomass and tolerance index

During 28 days of Pb exposure, the DWs of roots,
rhizomes, leaves, and total plants of Louisiana iris ‘Professor Neil’ treated with different concentrations of Pb decreased significantly compared with the control (Fig. 2),
while the DWs of rhizomes under all Pb treatments did
not decrease significantly. The largest decreases in DWs
were observed in the presence of 800 mg/L Pb, and the
DWs of roots, rhizomes, leaves, and total plants decreased
to 45, 93, 69, and 72%, respectively, compared to the
control. The IT values of Louisiana iris ‘Professor Neil’
gradually decreased as the Pb levels increased. The most
significant decrease in IT was observed under 800 mg/L
Pb treatment, when the IT value was 60% that of the
control.
Roots
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small vacuoles and no Pb deposits were observed in cells
(Fig. 4a). The cells of plants treated with 400 mg/L Pb
decreased in size, showed an increased number of mitochondria, and contained larger vacuoles, while Pb deposits were not detected (Fig. 4b). Plasmolysis was observed
in some parts of the cells treated with 800 mg/L Pb. In
addition, the cell cytoplasm was thin and vacuole membranes and subcellular organelles were damaged (Figs. 4c,
d). Pb deposits occurred in the cell wall (CW) (Figs. 4c, d,
and f), and intercellular space (ICS) (Figs. 4c, e) of the
cells treated with 800 mg/L Pb.
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FIGURE 2 - The effects of different Pb treatments on the biomass of
Louisiana iris ‘Professor Neil’ (values represent the means ± SE of 3
replicate measurements; data with different letters on the different
columns indicate significant differences (P<0.05)).
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FIGURE 3 - The effects of different Pb treatments on tolerant index
of Louisiana iris ‘Professor Neil.’
3.3 Subcellular localization of Pb in root cells

Transmission electron micrographs of root cells of
Louisiana iris ‘Professor Neil’ grown in 10% Hoagland
nutrient solution either lacking Pb (control), or containing
400 or 800 mg/L Pb, are shown in Fig. 4. The root cells of
controls grew normally with thick cytoplasm. In addition,

FIGURE 4 - Transmission electron micrographs of root cells of
Louisiana iris ‘Professor Neil’ grown in 50% Hoagland nutrient
solution lacking Pb (control) and containing 400 or 800 mg/L Pb
supplied as Pb(NO3)2 (scale marker represents 20 µm): (a) cells of
control (lacking Pb), (b) cells treated with 400 mg/L Pb, and (c and
d) cells treated with 800 mg/L Pb; (e) magnified view of (c) showing
a large number of Pb deposits in the intercellular space of a cell
treated with 800 mg/L Pb; (f) magnified view of (d) showing Pb
deposits in the cell wall of the root tip cells treated with 800 mg/L
Pb; bar size (a–d = 5 µm; e, f = 0.5 µm); CW: cell wall; ICS: intercellular space; Pb: Pb deposits.
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3.4 Subcellular localization of Pb in leaf cells

4. DISCUSSION

The leaf cells of the control grew normally (Fig. 5a),
and chloroplasts were distributed along the cell walls and
the thylakoid lamellae in grana (Fig. 5b). Similar to the leaf
cells of the control, the leaf cells of plants treated with
400 mg/L Pb grew normally, and the chloroplasts were
distributed along the cell walls and the thylakoid lamellae
in grana (Figs. 5c, d). The stroma of chloroplasts in the
leaf cells treated with 400 mg/L Pb were thin (Fig. 5d).
Similar to root cells treated with 800 mg/L Pb, plasmolysis was observed in some parts of the leaf cells treated
with 800 mg/L Pb. The arrangement of chloroplasts in the
cells was irregular (Fig. 5e), and the thylakoid lamellae in
grana and in the chloroplasts were not distinct (Fig. 5f).
Pb deposits were not observed in leaf cells of the control
(Figs. 5a, b), or in the leaf cells treated with 400 (Figs. 5c,
d) or 800 mg/L Pb (Figs. 5e, f).

a

b
CHL

CHL

CW
ICS

c

d
CW

CHL

CHL

f

e
CHL

FIGURE 5 - Transmission electron micrographs of leaf cells of
Louisiana iris ‘Professor Neil’ grown in 10% Hoagland nutrient
solution composed of the control (lacking Pb) and 400 or 800 mg/L
Pb supplied as Pb(NO3)2: (a) control cells (lacking Pb), (b) leaf cells
treated with 400 mg/L Pb, (c) leaf cells treated with 800 mg/L Pb,
(d) chloroplast of control (lacking Pb), (e) chloroplast of leaf cells
treated with 400 mg/L Pb, and (f) chloroplast of leaf cells treated
with 800 mg/L Pb; bar size (a, c = 10 µm; b = 5 µm, d–f = 1 µm);
CHL: chloroplast; CW: cell wall; ICS: intercellular space.

Pb is toxic to plants, leads to plant growth inhibition,
and even death by causing physiological disorders and
damaging the leaf or root cell structure [11, 16]. This was
in agreement with our results on Louisiana iris ‘Professor
Neil,’ in which we observed root and leaf cell structure as
well as photosynthetic system damage (Figs. 4, 5). We also
observed that root length, shoot height, root number, leaf
number, and DWs decreased gradually with increasing Pb
concentrations (Figs. 1, 2). Although growth was inhibited significantly by high Pb concentrations, plants of
Louisiana iris ‘Professor Neil’ did not die and were tolerant to 800 mg/L Pb stress; the total biomass and IT
values were 72 and 60%, respectively, compared to control (Figs. 2, 3). Yuan et al. [24] obtained similar results
when exploring the effect of Pb on the growth, accumulation, and oxidative stress of I. lactea var. chinensis.
Seregin and Ivanov [25] observed 50% inhibition of root
growth of maize at 10-4 M Pb, and root browning was
observed.
Han et al. [3] proposed that different mechanisms of
Pb tolerance, such as the detoxification of toxic ions in
cells, metabolic resistance to toxic metals, or preventive
accumulation of metals within plants, may exist in different
species of Iris [26, 27]. Compartmentalization of heavy
metals is an important mechanism for detoxification in
plants [3, 11, 23, 28]. The cell walls and vacuoles are primary compartments responsible for Pb deposition in many
plants. The accumulation of Pb in the cell walls and vacuoles is a known mechanism protecting the plasmalemma
and maintaining the low concentration of toxic ions in the
cytoplasm. Han et al. [3] observed Pb deposits, mainly in
the cell walls and intercellular space as well as on the
plasma membrane of a few root tip cells of I. lactea var.
chinensis, indicating that Pb was transported not only passively by apoplasts (cell walls or intercellular space) but
also actively in the cytoplasts (cytoplasm). Sahi et al. [23]
obtained similar results for Sesbania drummondii and observed large Pb deposits along the surface of the plasma
membrane that extended deeper into the root cell wall. In
our research, we observed subcellular localization of Pb
deposits in the cell walls and intercellular space, but not on
the plasma membrane or in the cytoplasm in the root tip
cells of Louisiana iris ‘Professor Neil.’ Perhaps Pb deposits on the plasma membrane or in the cytoplasm may have
been too small to be observed, or the accumulation of Pb in
cytoplasm may have been prevented by the plasma membrane [11]. Zhou et al. [7] found that the meristematic
section of the root tip was not the primary heavy metal
absorption site of I. pseudacorus, and Pb deposits were
found on the inner surface of a few root tip cells.
Louisiana iris is a perennial ornamental plant with attractive leaves and colourful flowers, a relatively high biomass, easy harvesting characteristics, and good adaptation
to soil and marsh environments. Based on our report,
Louisiana iris ‘Professor Neil’ is a Pb-tolerant cultivar
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that can be used to remediate Pb-contaminated water environments. However, further studies on Louisiana iris, such
as those on the tolerance mechanism of Louisiana iris, the
technique of contaminated environment phytoremediation
in situ, and the influence of environmental conditions on
the phytoremediation effects [29-31], are required to
better apply Louisiana iris for the phytoremediation of
contaminated environments [32, 33].
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Suzhou Science Foundation of China (No. SNG201209).
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ABSTRACT
A biological aerated filter (BAF) is an economical,
flexible and effective bioreactor for effluent treatment that
needs less area than the conventional biological processes.
Media materials choice is an essential parameter in the
design and operation of a BAF to get the limit determined
by environmental standard organization. In this study,
oyster shells were used as filter media for the BAF reactor
to enhance the quality of the effluent produced by Qom
wastewater treatment plant. The BAF reactor was placed
at the output of the treatment plant and the effect of hydraulic loading change was investigated. Hydraulic loadings equal to 0.3, 0.6 and 0.9 m3/m3.day were discussed.
The results of this study revealed that oyster shells as
BAF filter media reached TBOD5, TSS, COD, TKN,
NH4-N, TP, TC and FC removal rates of 49.5, 48.2, 52.2,
47.3, 45.4, 45.7, 59.4 and 62%, respectively, at a hydraulic loading equal to 0.3 m3/m3.day. In addition, BAF efficiency was decreased for all parameters at a hydraulic
loading equal to 0.9 m3/m3.day and as the hydraulic loading increased, the filter efficiency decreased consequently.
Generally, the efficiency of the filter was higher in ammonia
removal with regard to the other parameters. Oyster shells
BAF acted as an advanced treatment method for achieving
effluent quality requirements.
KEYWORDS: Biological Aerated Filter (BAF), oyster shells media, activated sludge process

1. INTRODUCTION
Uncontrolled population growth, increased demand
for water use in various sectors, non-uniform distribution
of water resources, and periodic droughts have challenged
* Corresponding author

the provision of clean and healthy water [1]. Thus, making use of purified effluents (at available standard levels)
as a reliable source of water has been taken into consideration. The purified effluents can be used for different purposes, such as reuse for agriculture, groundwater recharge,
industrial, recreational and aquaculture uses, each of which
has a special environmental standard [2, 3]. One of the
most conventional methods used for domestic wastewater
treatment is activated sludge process. Although this process
is a fairly reliable treatment system for domestic wastewater treatment and reduces BOD, COD and nutrients at suitable levels, it usually requires high initial capital costs,
trained operators, and large space. Additionally, conventional activated sludge does not have a suitable ability to
reduce some of the wastewater parameters including ammonia, fecal coliforms, TBOD5 and TSS [4, 5]. BAF is a
new, effective and flexible bioreactor that was developed in
Europe during 1980s-1990s, and then spread all over the
world. This technology is very similar to the conventional
biofilters; however, due to its several advantages, it is preferred over other conventional methods as a novel known
method. One of the BAF system advantages is its spacesaving layout which requires only one-third of the space
required for a conventional activated sludge system. A
BAF system also retains biomass concentration at a high
level compared to trickling filter, and conventional activated sludge can cause resistance to organic and hydraulic
loading shocks. Another advantage of this system is that it
does not need secondary treatment, and suspended solids
in the wastewater are filtered through submerged media.
The basic criterion for designing a BAF system is to select the appropriate media to achieve the required effluent
standards. In various studies, different materials, such as
natural zeolite, brick-wall, bioceramsite and clinoptilolite
are used as the filter media, which have exhibited differences in their efficiency [6-9]. Biplob et al. [10] used the
BAF system with plastic media for nitrogen removal, and
their results indicated a good performance. In another
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study, the BAF system used with plastic media for the
treatment of flushed swine manure was able to remove
BOD (88%), COD (75%) and total suspended solids (82%)
[11]. He et al. [12] have studied BAF systems using natural
zeolites as media in domestic wastewater treatment, and a
high efficiency was observed in removal of COD and
NH3-N.
The activated sludge process is used to purify Qom
wastewater; its effluent is used to irrigate agricultural
lands around the plant, especially to irrigate crops, such as
barley and wheat. Concerning effluent usage, improving
its quality is of great importance. Thus, it is essential to
use modern treatment methods, or to use other improvement methods that have lower construction and maintenance costs. In this regard, the present study aims to evaluate
the efficiency of biological filters aerated by an oyster
shell bed in improving the quality of the effluent produced by Qom treatment plant, which has high levels of
ammonia, fecal coliforms, TSS and BOD5.
2. MATERIALS AND METHODS
2.1 Location

The province of Qom is located in the south of Tehran and Alborz Provinces, north of Isfahan Province,
east of Markazi Province, and west of Semnan Province.
Its center is Qom city with a population of 1,670,000.
Qom wastewater treatment plant has been constructed at a
distance of about 12 km from Qom city, and at an altitude
of about 890 m. This treatment plant started working in
2009. This descriptive-analytical pilot study was carried
out between May 2012 and January 2013 on the effluent
produced by Qom sewage treatment.
2.2 Media properties

At first, a pilot filter with an oyster shell medium was
made and transferred to the Qom wastewater treatment
plant. The medium inside the filter consisted of shells

with an average size of 20 mm (Fig. 1) and was prepared
from the southern part of the Persian Gulf coast.

FIGURE 1 - Oyster shells used as filter medium.
2.3 BAF experimental set-up

The BAF pilot was made according to the schema
presented in Fig. 2. This pilot was installed at the secondary clarifier outlet with a vertical downward flow. Using
a pump (Heidolph, model PD 5001, Germany, flow-rate
80 ml/min), the effluent was transferred to a storage tank
and then sent to a filter with a defined discharge; samples
were taken from the filter inlet and outlet on a daily basis.
2.4 Biofilm development and sampling

The biofilm formation trend and the effects of hydraulic loading (0.3, 0.6 and 0.9 m3/m3.day) on purification efficiency and purification rate of BAF were evaluated in this study, which lasted for 6 months. Parameters
evaluated in this research include BOD, COD, TSS, TP,
NO3, TC and FC. Sampling was conducted in two simple
and complex forms; to measure parameters, such as temperature, pH, NO3, TP, FC, TC, momentum sampling was
done; and to measure parameters like COD, BOD5 and
TSS, composite samples were used. In order to evaluate
the efficiency of the existing process in the observation
period, both simple and complex sampling methods were
done twice a week (totally 45 times) from the determined
sections, and the samples were then examined.

FIGURE 2- BAF pilot scheme.
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2.5 Analysis

To examine the organic parameters, nutrients, total
coliforms and fecal coliforms, available standard methods
were used [13]. To assess pH, a pH-meter (550, WTW)
was used. A digital turbidity meter was used to determine
the turbidity. To measure dissolved oxygen in samples, a
portable Oximeter (Oxi, 597) was used. To conduct COD
experiments in an open reactor form and to measure ammonia, nitrate and total nitrogen, a Hatch (DR 5000, USA)
spectrophotometer was used.
3. RESULTS AND DISCUSSION
The BAF system has a 2-3m depth bed and partly
small-sized filter media made of different materials, to
prepare a high surface area, on which a biomass can grow.
The filter bed is submerged, and wastewater is pumped
either upwards or downwards through the filter. An aeration pump sends air through a diffuser at the bottom of the
bed generating bubbles which then rise through the filter,
providing a steady stream of oxygen for the biomass to
support the oxidation process [14-16]. In this study, the
efficiency of biological filters aerated by an oyster shell
bed in improving effluent quality for a wastewater treatment plant was investigated.

filters, it can be concluded that the efficiency of that designed herein is higher. In another study, which used an
aerated stone filter with a vertical flow and limestone to
remove BOD5, removal efficiency of TBOD5 in the aerated state and non-aerated filter was 89 and 42%, respectively [18]. Concerning the fact that the average TBOD5
of effluent of Qom wastewater treatment plant and the
average TBOD5 of effluent sent out of the filter were 49.5
and 22 mg/L, as well as the allowed limit value for discharging effluents to the surface water (30 mg/L) by Iran’s
Environmental Standard Organization, this filter could decrease the amount of TBOD5 (being much higher than
Iran’s Standard Organization limit before filter application)
to a value much lower than the limit of Iran Environmental
Standard [19].
3.2 Changes of concentration of TSS in the filter

As shown in Table 2, average concentration of TSS
decreased from 54.5 to 27.5 mg/L (1st hydraulic loading), from 57 to 32.5 mg/L (2nd loading), and from 56.5
to 38 mg/L (3rd loading). According to statistical analysis, a significant difference was observed when the loading rate was changed.
TABLE 2 - Changes of TSS concentration in the filter.
Level of hydraulic
loading on the filter
(m3/m3.day)

3.1 Changes of TBOD5 concentration in the filter

As shown in Table 1, the average concentration of
TBOD5 decreased from 49.5 to 22 mg/L in the first hydraulic loading, from 47 to 22 mg/L in the second one,
and from 47 to 32 mg/L in the third. During the first 6
weeks of operation, the BAF reactor worked with a hydraulic loading of 0.3 m3/m3.day. TBOD5 removal efficiency gradually increased and, by the end of the 6th
week, the removal efficiency of TBOD5 was 49.5%. Thus,
BAF process started stably with hydraulic loading rates of
0.3, 0.6 and 0.9 m3/m3 day.
TABLE 1 - Changes of TBOD5 concentration in the filter.
Level of hydraulic
loading on the filter
(m3/m3.day)
0.3
0.6
0.9

Sampling
place

Minimum
(mg/L)

Maximum
(mg/l)

inlet
outlet
inlet
outlet
inlet
outlet

48
20
46
21
45
31

51
24
48
23
49
33

As mentioned earlier, when the hydraulic loading increased from 0.3 to 0.6 m3/m3.day, no significant difference was observed in the average TBOD5 of effluent sent
out from the filter outlet. However, when the second hydraulic loading increased to 0.9 m3/m3.day, a significant
difference was observed between the average concentrations of TBOD5 in the filter outlet effluent. In a similar
study, Sperling [17] reported that the amount of TBOD5
coming out of the filter was 39 mg/L. With regard to both

0.3
0.6
0.9

Sampling
place

Minimum
(mg/L)

Maximum
(mg/L)

inlet
outlet
inlet
outlet
inlet
outlet

52
25
55
30
55
37

57
30
59
35
58
39

As the hydraulic loading increases, the amount of
TSS at the filter outlet increases, too. Devrim [2] used a
stone filter with similar hydraulic loading rates and reported that TSS removal level was 89.4%. Comparing the
efficiency of both filters (removal efficiency of TSS in the
present filter is 43.2%), the low removal rate herein can
be mainly due to the differences in the size of media used
in both filters. Johnson [18] also reported that 93% of
TSS was removed by biological filters; this high efficiency may be due to the horizontal flow of effluent in the
filter. In this case, deposition and sedimentation of suspended solids can be done well [18]. In general, as the
size of the media and the hydraulic loading increase, the
efficiency of the filters decrease. The filter efficiency in
removing TSS is proportional to the reduction of suspended BOD5. The amount of TSS of effluent which exits
the clarifier pond is 52 mg/L, while its amount at the filter
outlet is 30 mg/L. Thus, this filter can decrease the TSS
exiting the clarifier to a level lower than the limit of Iran
Environmental standard (40 mg/L) [19].
3.3 Changes of COD concentration in the filter

As shown in Table 3, the average concentration of
COD decreased from 81.5 to 50.5 mg/L, from 80.5 to
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57 mg/L and from 82.5 to 64.5 mg/L in the 1st, 2nd and 3rd
hydraulic loading. At the beginning of the application, the
filter reactor started with hydraulic loading of 0.3 m3/m3.day.
The removal efficiency of COD increased gradually and
was 21.2% at the end of the 6th week. Thus, the filter
process started stably with hydraulic loadings of 0.3, 0.6
and 0.9 m3/m3.day.
TABLE 3 - Changes of COD concentration in the filter.
Level of hydraulic
loading on the filter
(m3/m3.day)

Sampling
place

Minimum
(mg/L)

Maximum
(mg/L)

0.3

inlet
outlet

80
49

83
52

inlet
outlet
inlet
outlet

79
55
80
63

82
59
85
66

0.6
0.9

According to Table 3, effluent COD at the clarifier
outlet and the filter inlet decreases to 31 mg/L in the 1st
hydraulic loading. While examining a stone filter with two
different beds, Sperling [17] observed that COD decreased
to 109 mg/L. In his study, Kimwaga [20] used a stone
filter to improve the quality of effluent at the clarifier
outlet. He observed that the removal efficiency of COD
was 84.4% in that filter; the efficiency of this filter in
removing COD is higher than that of the biological filter
used herein, possibly due to the fact that he used stones
with smaller diameters [20]. Increased hydraulic loading
and the big size of the stones used in this filter decrease
the efficiency of BAFs in removing COD [17]. Thus, low
media diameter can be effective in removing COD. In
fact, as hydraulic loading increases, COD removal efficiency decreases. Comparing the quality of effluent at the
filter outlet with Iran Environmental Standard (60 mg/L
for COD), it can be said that this filter can decrease the
COD to a level lower than the standard limits [19].

ammonia changes. This inverse relationship indicated
nitrification in the filter because the amount of heterotrophic bacteria and the SBOD concentration of effluent at
the filter inlet were lower [21]. So, nitrifying bacteria grow
better on the filter media, where they subsequently perform
nitrification and change ammonia to nitrate, and then to
nitrite as well [21]. The level of dissolved oxygen in the
effluent at the clarifier outlet was about 0.8 mg/L; this
amount of dissolved oxygen was not enough for nitrification and denitrification. For this reason, filter aeration was
required to provide dissolved oxygen. Dissolved oxygen of
the filter effluent was about 2.2 mg/L, which showed that
this amount of oxygen was sufficient for the activity of
nitrifying bacteria. The pH of the filter effluent was in the
range of 7.7-8.1 indicating that this pH was enough for
nitrification and denitrification; 40 mg/L NO3-N was observed in the clarifier outlet, while it was 24 mg/L at
the filter outlet. Comparing this quality with standards
mentioned by Iran Environmental Organization for NO3-N
(50 mg/L), it was observed that this filter decreased NO3-N
of the clarifier effluent; the NO3-N levels were lower than
the limits of Iran Standard Organization both before and
after filtration [19].
3.5 Changes of concentration of TP in the filter

According to Table 5, the average TP decreased from
7.85 to 4.65 mg/L in the 1st hydraulic loading, from 8.1 to
5.25 mg/L in the 2nd and from 8.05 to 5.6 mg/L in the 3rd
one. Although filter efficiency under hydraulic loading of
0.6 m3/m3.day was higher, no statistically significant difference was observed between TP average concentrations of
filter effluents in the three hydraulic loadings. As the hydraulic loading increased, TP removal efficiency decreased
being 35.1 and 30% for the 2nd and 3rd hydraulic loading
rates, respectively.
TABLE 5 - Changes of TP concentration in the filter.
Level of hydraulic
loading on the
filter (m3/m3.d)
0.3

3.4 Changes of concentration of NO3-N in the filter

The average concentration of NO3-N decreased
from 41.55 to 28.2 mg/L (1st hydraulic loading), 42.55
to 25.25 mg/L (2nd loading), and 41.1 to 23.6 mg/L (3rd
loading). According to statistical analysis, a significant
difference was observed when loading rate was changed.
The results are shown in Table 4.
TABLE 4 - Changes of NO3-N concentration in the filter.
Level of hydraulic
loading on the filter
(m3/m3.day)
0.3
0.6
0.9

Sampling
place

Minimum
(mg/L)

Maximum
(mg/L)

inlet
outlet
inlet
outlet
inlet
outlet

40.2
27.8
40.5
24.1
40.2
22.7

42.9
28.6
44.6
26.4
42
24.5

Nitrate concentration decreased from 40 to about
24 mg/L. Nitrate changes were in inverse proportion to

0.6
0.9

Sampling
place

Minimum
(mg/L)

Maximum
(mg/L)

inlet
outlet
inlet
outlet
inlet
outlet

7.7
4.5
7.9
5
7.8
5.3

8
4.8
8.3
5.5
8.3
5.9

Regarding the reduction of effluent TP concentration,
as hydraulic loading increased, removal efficiency of TP
decreased. In a study carried out by Wareham [22], as the
hydraulic loading increased, the amount of phosphorus
decreased from 7 to 2 mg/L. Filter medium used in this
study was a shell; on average, the amount of phosphorus
reduction by this filter was 3 mg/L. Its efficiency was
lower than that of the filter used by Wareham. Hydraulic
loadings were the same in both studies, and the only difference between both filters was the material. Changes in
total P concentrations in BAFs were lower compared to
other chemical parameters. TP amount of clarifier effluent
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was 7.8 mg/L, while it was 4.9 mg/L in filter effluent
(lower than Iran Environmental Standard for TP) [19].

could reduce the amount of chlorine used for disinfection
by decreasing 68.4% of fecal coliforms.

3.6 Changes in the amount of FC in the filter

As seen in Table 6, the average number of fecal coliforms increased from 1.65 × 106 to 5.1 × 105 MPN/100 ml
in the first hydraulic loading, from 1.7 × 106 to 6.25× 105
MPN/100 ml in the second hydraulic loading, and from
2.05 × 106 to 8.8 × 105 MPN/100 ml in the third hydraulic
loading. According to the statistical analysis, a significant
difference was observed between average concentrations of
the effluent FC in all three hydraulic loadings. The amount
of fecal coliforms at clarifier outlet and filter inlet decreased to about 113 × 104 MPN/100 ml; therefore, about
68.4% of FC decreased in the first hydraulic loading.
TABLE 6 - Changes in the amount of FC in the filter (MPN/100 ml).
Level of hydraulic
loading on the filter
(m3/m3.day)
0.3
0.6
0.9

Sampling place

Minimum

Maximum

inlet
outlet
inlet
outlet
inlet
outlet

1.5×106
4.6×105
1.6×106
5.7×105
2×106
8.5×105

1.8×106
5.6×105
1.8×106
6.8×105
2.1×106
9.1×105

4. CONCLUSIONS
The vertical downward flow BAF system with oyster
shell medium was investigated to improve the quality of
effluent produced by treatment plants. The results herein
show that the best filter efficiency to remove TBOD5,
TSS, COD, TKN, NH4-N, TP, TC, FC was observed in a
hydraulic loading equal to 0.3 m3/m3.day, and removal
efficiency decreased as hydraulic loading increased. This
process, under optimum conditions, is able to remove
TBOD5, TSS, COD, TKN, NH4-N, TP, TC and FC up to
49.5, 48.2, 52.2, 47.3, 45.4, 45.7, 59.4, and 62%, respectively. Based on these results, BAF filter with oyster shell
media is able to achieve the required effluent standards
for most of the parameters. Therefore, this method is
recommended to upgrade wastewater treatment plants.
The authors have declared no conflict of interest.
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MONITORING LANDSCAPE CHANGE AND URBAN GROWTH
OF BARTIN, TURKEY, AND ITS ENVIRONMENTAL EFFECTS
Ercan Gökyer*
Bartin University, Faculty of Forestry, Bartin, Turkey

ABSTRACT
This study aimed to analyse landscape change (LC)/
urban growth and its negative effects during a 27-years
period of Bartın, Turkey. Landscapes have been impacted
over time as a result of human interventions and natural
circumstances in the northern part of Turkey. There is a
restricted research on LC/urban growth and its negative
effects in the city of Bartın and its environments. LC information was derived from remote sensing images acquired in 1986, 2000, and 2013, respectively. The results
showed that the urban area of Bartın has expanded approximately four times between 1986 and 2013. In this
study, environmental problems that resulted from LC and
urban growth, such as floods, air pollution and water pollution, were highlighted and discussed in the study area.
KEYWORDS: Urban growth, urbanization, satellite images, landscape change, Bartın

1. INTRODUCTION
World population, and especially urban population, is
continuously increasing. In 2011, 3.6 billion people are
distributed unevenly among urban settlements of different
size. The world urban population is expected to increase to
6.3 billion in 2050 [1]. The population growth as a result of
industrial developments and permanent migration were the
main driving forces behind the urbanization [2]. Due to
human population increase and migration, there will be
nearly 2 billion new urban residents by 2030 [3].
The transformative power of urbanization was felt earlier in today’s more developed regions which have reached
high levels of urbanization. Rapid urbanization and, particularly, the associated problems of urbanization, unsustainable development and environmental degradation affect
many developing countries. The greatest and most common
natural hazards potentially affecting cities are floods, cyclones, droughts and earthquakes. Urban growth assessments
are important, which impact biodiversity, ecosystem structure and ecological processes [4-6].
* Corresponding author

Major changes in the demography and distribution of
human populations have severely impacted landscapes.
Assessment of landscape change is critical for attainment
of regional sustainability targets [6, 7]. Natural processes,
and especially recent human activities, are mainly responsible for landscape change [8-11]. The most important landscape changes have emerged from human effects through
the historical processes. Human effects on landscapes have
been continuously increased depending on technological
progresses and population increase [12].
In Turkey, urbanization and its implications are continuously increasing. Urban population was 51.2 million
in 2010. It is estimated to reach 79.9 million in 2050 [13].
Bartın province is a new urban settlement. It is transformed
from rural to urban character. It is continuously expanding
on flat areas along the Bartın River. In this transformation,
it is emerging environmental issues over time.
As a new urban settlement in Turkey, the city of Bartın
which has a great biodiversity and increasing environmental problems due to the urbanization LC and urban
growth were analysed in this study. Administrative boundaries of Bartın city were selected as the study area including
settlement area and its surrounding parts. In this study, it
was aimed at, in order to determine LC, (1) the quantifying landscape structure for a 27-years period (between
1986 and 2013), (2) the determining urban growth, and
(3) the determining environmental effects of LC and urban growth.
2. MATERIALS AND METHODS
2.1 Case Study Area

Case study area is located on the north-western part of
the Black Sea region (between 32o6′-32o31′ E and 41o35′41o41′ N) of Turkey (Fig. 1). The area is surrounded by the
Black Sea in the north, Küre Mountains in the east and
south, and Zonguldak Province in the west, respectively,
and covers 52739 ha. Administrative boundaries of Bartın
central district are taken as study area.
The case area expands between the altitudes sea level
in the northwest, and 500-600 m in the east and southeast. The land surface of the study area slopes softly. The
central part of the study area is alluvial plain around the
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Bartın River. The Black Sea climate prevails in the area.
Black Sea climate is characterized by warm, wet summers
which cool to cold, wet winters. The average annual temperature is 12.6 °C, and the average annual precipitation
is 1029.9 mm.
The study area is located between sea level and mountain areas, and consists a variety of plant species. The areas
by the sea consist of maquis species, such as Laurus nobilis
or Phillyrea latifolia. Küre Mountains between east and
south parts of the study area include important coniferous
and broad-leaved tree species, such as Carpinus betulus,
Tilia argentea, Fagus orientalis, Castanea sativa, Ostrya
carpinifolia, Quercus petraea, Abies nordmanniana ssp.
bornmülleriana, Pinus sylvestris, Pinus nigra ssp. pallasiana [14, 15].

Bartın established in the alluvial plain along the Bartın
River.
2.2 Data Acquisition and Methods

The main aim of this study is to quantify LC and urban growth of the city of Bartın between 1986 and 2013
using satellite images. Satellite images include land-use
and land-cover data sets [17] about the LC and urban
growth. To define the LC; land-cover information should
be obtained from past to present. This information will be
obtained through remote sensing technology [18-20]. Remote sensing data are primary sources widely used for
land-use and land-cover change detection [21, 22].
In this study, the information on land-cover was derived from remotely sensed data. Landsat images were used
to produce land-cover maps which have 30-m spatial resolutions. The images of three periods (1986, 2000, and 2013)
with similar monthly dates and predominantly cloud free
were acquired to produce land-cover maps. The dates of
satellite images were 31 August, 1986 (Landsat TM), 21
August, 2000 (Landsat 7 ETM), and 02 September, 2013
(Landsat 7 TM).
2.3 Methods

FIGURE 1 - Location of the case study area in Turkey and in Bartın
Province.

Bartın Province includes important historical and cultural characteristics as an old settlement. Bartın city was
founded near the Bartın River. The name of Bartın comes
from Bartın River. In ancient times, the name of Bartın
River was Parthenios. Firstly, the Gasgas lived in Bartın,
and then, Bartın was ruled by the Hittites, Frigs, Lydians,
Persians, Greeks and Seljuks, respectively. In 1392, it became a part of the Ottoman Empire (www.bartin.gov.tr).
There are three different transportation alternatives (airline, highway and seaway) to Bartın. Bartın port was established in 1965 for marine transportation. Iron, cement, coal
and timber are transported from Bartın port. Two main
highways and an airport connect the city with other regions
and cities. In the study area, economic activities are mining, industry, agriculture, trade, tourism and forestry.
There are cement, brick and textile factories in the study
area. Amasra coal basin is located near the study area.
During 1970s and 1980s, mining was an important working field in the study area.
Population of the study area increased approximately
five times between the period 1940 and 2012. The population was 8226 in 1940, and increased to 56557 in 2012
[16]. Bartın River passes through the study area. The central part of the study area is used for urban settlements of

Information on land-use/land-cover was derived by
satellite images as important data that present natural circumstances and human effects [23]. In this study, landcover maps of 1986, 2000 and 2013 were obtained by
supervised classification [24, 25]. In order to produce
classified images, maximum likelihood algorithm is used
under the ERDAS Imagine 8.4 version.
Three land-use maps of 1986, 2000, and 2013 were
classified into five main types (Fig. 2), such as (1) forest
land: leaved, coniferous and mixed forests, (2) cropland:
all cultivated and vegetable lands, (3) urban or built up
land: city, industry land, traffic land, rural settlement, (4)
water: river and other water surfaces, and (5) sandy areas:
beaches, dunes and gravely areas.
2.4 Accuracy Analysis

In order to determine accuracy of the classified images, error matrixes [26, 27] were produced on reference
points. The stratified random sampling method was used
to generate reference points for each of the classified
images. The accuracy of three classified images was assessed by verifying general land-cover delineations on
topographical maps, municipal maps, and a field survey.
The results of accuracies were 88, 84 and 90% of the
images, respectively.
2.5 Landscape Metrics

Landscape metrics [28-30] were used to analyse the
LC [31] of the study area. Patch Analyst extension for
ArcMap version 5.1 was used to calculate landscape metrics [32].
Six metrics were selected [adapted from 8, 30]: (1)
Total class area (TCA): the total area belongs to a land-
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FIGURE 2 – Land cover maps

cover class, (2) Total Landscape Area (TLA): the total
area of the landscape, (3) Number of the Patch (NUMP):
total number of patches in the landscape, (4): Mean Patch
Size (MPS): average patch size in each class, (5): the total
area belongs to a land-cover class or landscape, and (6):
Shannon’s Diversity Index (SDI): refers to diversity of
patches in the area.
3. RESULTS AND DISCUSSION
3.1 Urban Growth

Urban growth of the city of Bartın for a 27-years period was analysed with remote sensed data producing
land-cover maps for three years. The results of classification indicated that urban area grew significantly over the
period from 1986 to 2013 (Fig. 3). The urban coverage
was 379 ha in 1986 and reached up to 2096 ha in 2013.
The urban area grew by more than four times during this
27-years period. Urban growth is presented in Fig. 4.
Bartın became a province in 1991. After 1991, the
city of Bartın continuously expanded into west and south
direction around the old city centre. According to results
of analysis, the amount of urban growth showed a radial
development pattern along the roads during the first period (between 1986 and 2000). In the following period
between 2000 and 2013, urban settlements expanded
among the old (first period) ones.

FIGURE 3 - Urban growth between 1986 and 2013.

However, in the 27-years period, the urban area expanded into the flat areas along the Bartın River. Flat
areas around the Bartın River are flood plains, and settlements and agricultural areas along the Bartın River should
be affected from flooding in the rainy seasons.
3.2 Landscape Change

LC was assessed by using TCA metrics. TCA values
were obtained on land-cover maps. Using the values of the
TCA, processes can be assessed in the study area. Effects
of human activities and natural circumstances can be determined on the area. According to results of the TCA
values, land-use changed significantly over the period from
1986 to 2013. TCA values can be seen in Table 1.

FIGURE 4 - Urban growth of Bartın city between 1986 and 2013.
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TABLE 1 - Calculation results for TCA by the year 1986, 2000, and 2013.
LCC
Forestland
Cropland
Urban and/or built-up land

TCA (ha)
23621
28133
379

1986
%
45
53
1

TCA (ha)
17161
33099
1761

2000
%
32
63
3

Water
223
296
1
Sandy Areas
382
1
421
1
TLA
52739
100
52739
100
LCC: Land Cover Classes, TCA: Total Class Area, TLA: Total Landscape Area

In 1986, the cropland coverage occupying 53% of the
total area was 28136 ha. In 2000, the cropland reached up
to 33099 ha. In the first period (between 1986 and 2000),
the cropland area increased by 10%. This situation clarifies that human activities increased in this period. On the
other hand, in the second period (between 2000 and
2013), the area of cropland decreased by 10%. This situation shows that in this period human activities decreased
in the area.
In 1986, the forest areas were the second largest ones
occupying 45% of the total area. The areas of forest decreased by 13% in 2000 but increased by 10% in 2013.
Human effects on areas of forests were considerably
shown in the first period (between 1986 and 2000).

TCA (ha)
22076
27930
2096
460
176
52739

2013
%
42
53
4
1
100

3.3 Ecological Assessment (Fragmentation, Edge Effect and
Diversity)

Habitat fragmentation affects biodiversity and ecosystem functioning wherever humans dominate the landscape [33]. In this study, fragmentation of the area was
determined using NUMP and MPS values. According to
results of the landscape metrics, NUMP value is gradually
increased but MPS value is gradually decreased in the 27years period. Results show that fragmentation in landscape level gradually increased from 1986 to 2013.
The results of NUMP and MPS clarify that landscapes are continuously affected by human activities and
natural processes. In the class level, according to the results, especially areas of forest and cropland were affected
from fragmentation in the 27-years period. This situation
can be seen in Figs. 5-6.

FIGURE 5 - Number of the patches (NUMP) between 1986 and 2013.

FIGURE 6 - Mean Patch Size (MPS) between 1986 and 2013.
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In the class level, fragmentation of the forest areas
decreased from 1986 to 2000 but increased from 2000 to
2013. Increasing fragmentation in forest areas affects wild
life. In that case, habitats and transaction fields of wild
life were restricted. On the other hand, fragmentation of
cropland areas decreased from 1986 to 2000, and increased from 2000 to 2013.
Fragmentation of urban and/or built-up land increased
from 1986 to 2000 and decreased from 2000 to 2013. The
decrease of the fragmentation on the settlement areas
clarified that structural density was increased in the 27years period.
The results of the TE clarifies situation of edge species in the area (Fig. 7). TE of forestland decreased from
1986 to 2000 but increased from 2000 to 2013. TE of
cropland continuously increased over the 27-years period.
TE of urban and/or built-up land decreased from 2000 to
2013. These results show that edge species in the study
area are positively affected by increasing TE values.
Habitats and transaction areas of edge species increased.
Diversity of patches decreased over the 27 years. Results
of SDI can be seen in Fig. 8.

3.4 Effects of LC and Urban Growth in the Study Area

Environmental effects of urban growth and landscape
change in the study area are floods, air pollution and water pollution. Human interventions, especially urbanization, are primarily responsible for the environmental implications in the study area. Main environmental effects
are emerged from factories and settlement areas in the
study area. Areas which are impacted by human activities
are highly affected from changes. Floods and their effects
are important problems in Bartın city. Floods significantly
affect urban core area.
3.5 Floods

Floods can cause substantial damage to property and
threaten human life [1]. Flat areas around the river have
potential risk of flooding [34, 35] when used for urban
settlement. In the rainy season, Bartın River is overflowing. Residential areas which have a considerable potential
of biodiversity [36] and agricultural areas along the river
are highly affected by flooding.
The Bartin River is usually clean with very small
amounts of sediment load, but the morphological features

FIGURE 7 - Total Edge (TE) between 1986 and 2013

FIGURE 8 - Shannon’s Diversity Index between 1986 and 2013
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of its basin have very adequate conditions for floods and
flash floods. By means of some engineering mistakes
experienced during the construction of its port, these
floods show an increase year by year, especially in bad
weathers [37]. A vast flood in the Western Black Sea
region of Turkey in May 1998 caused great loss of life
and important damage. Communication network, transportation, and construction cost of the disaster was estimated around 500 million US $. In the Bartin River watershed, 166.3 mm precipitation fell over Bartin city between May 19 and 21, 1998, within 72 h; between May
20 and 22, 180.6 mm fell over Ulus city and 201.4 mm
fell over Kozcagiz city. The level of Bartin River raised
from 8 to 12.5 m elevation in the city; therefore, many
residential and commercial buildings, bus terminal and
gas stations, which formed 80% of Bartin city, were inundated [38]. In winter, coal is generally used for heating,
and is causing air pollution in the urban area of Bartın.
3.6 Air Pollution

During the winter months, especially in the days of
atmospheric stability, air pollution occurs. The increase in
pollution during winter is due to fuels and heating systems [39]. Air pollution of Bartın was analyzed and found
to be significant in the city. Heavy metal concentrations
of Al, Cd, Pb, Ni, and Cu in Laurus nobilis were researched
to provide information on pollution of Bartin city. Meanwhile, the effects of heavy metals on mineral nutrient
uptake were analyzed in Laurus nobilis. Although there
was low variability from plant to plant, the highest concentrations of Al, Cd, Cu, Ni, and Pb were consistently
found in the city center [40].
3.7 Water Pollution

The most important factor causing pollution both in
surface water resources and groundwater of Bartın Province is the discharge of domestic wastewater from the
residential areas and industrial wastewater from the factories to the streams and their tributaries, without any sewage treatment and the consequent contamination of the sea
through the rivers [40]. Anthropogenic activities are one
of the most important factors that significantly influence
the concentration of dissolved metals in the rivers [41].
Heavy metals (Cd2+/6,230 t yr-1, Pb2+/0,773 t yr-1 and
Cr/8,196 t yr-1, Al, Cu, V and Hg) [42, 43], detergents
from sewage (45.51 in 2005, 26.42 in Sept 2006, and
44.13 µg/L in 2007) [44], and chemical compounds (benzene, toluene, ethyl benzene and the mixture of o-, m- and
p-xylenes) [37] are carried into the Black Sea through the
Bartın River.

esses (human interventions and natural circumstances)
can be objectively understood in the area. Determination
of processes and environmental implications in the area
are important to manage future developments.
Satellite images are commonly used with landscape
ecology studies. Images are classified using statistical
classification methods [45]. In this study, data on urban
growth and LC were derived by Landsat images during
the 27-years period. In order to determine LC and urban
growth, land-cover maps were produced for 1986, 2000
and 2013.
This research clarifies that environmental effects increased due to LC and urbanization in the 27-years period. Urban growth started after 1991 in the study area.
Firstly, urban areas expanded especially along the Bartın
River and around the roads. These areas were highpotential agricultural areas with alluvial soil characteristics. After 2000, rural areas around the settlements were
transformed to urban areas. Air pollution and water pollution are the main environmental problems emerging with
fast transformation and unplanned urban growth.
Air pollution increases during winter due to coal
(poor quality), generally used for heating (non-filtering
heating systems). Pollution of water is increased due to
the proximity of industries and settlement areas to Bartin
River. Domestic wastewater from the urban areas and
industrial wastewater from the factories were discharged
to the river in an uncontrolled way. Pollutants are transported into the Black Sea through Bartin River. On the
other hand, floods significantly affect urban core area.
Important damages should be emerging within urban
areas in rainy seasons.
It is essential that flood risk and other environmental
threats should be minimized in consort with comprehensive land-use planning for the Bartın River Floodplain
Corridor [46]. Urban planning and development strategies
must be established carefully to sustain balance in urban
expansion. Agricultural areas around the city must be kept
free from urban expansion. Non-alluvial areas may be
preferred for urban development. A protected zone may
be formed around the river. Monitoring LC and urban
growth will importantly contribute to studies on land-use
planning and management. In that way, future planning
and management strategies may be established in a balanced development.

4. CONCLUSIONS
LC and urban growth as the important indicators of
environmental effects were the main focus of this study.
Determining the LC and urban growth are important for
management and planning activities. In that case, proc-
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ABSTRACT
In this study, the perceived life quality of individuals
residing in the Kastamonu districts of Hepkebirler, where
traditional texture is concentrated, and İnönü, one of the
new settlement regions, were assessed on the basis of the
issues of architecture and urban planning (7 scales), open
and green areas (8 scales), and reinforcement components
(12 scales). The study determined that the district of
İnönü had a higher level of perceived life quality than the
district of Hepkebirler for all criteria, excluding ease of
transportation to the city centre and public areas, with
respect to architecture and urban planning. This was also
true for all criteria with respect to outdoor green area
reinforcements, except lighting units, waste bins, and
food and beverage units. It was also determined that perceived urban life quality was high in both settlements
with respect to ease of transportation and, at the lowest
level, sufficiency of parking space. This study can be the
basis for a model for determining the perceived life quality of medium-sized cities in Turkey.
KEYWORDS:
Perceived quality of life, subjective indicators, Kastamonu.

1. INTRODUCTION
Changing living conditions and user demands in the
21st century lead to changes in urban places, organizations,
and transportation systems in urban life [1]. Changes in the
social and economic status of the user affect urban life
quality and living space preferences directly [2, 3]. Life
quality is a sophisticated concept [4]. For this reason, life
quality is discussed by different disciplines (public administrators, urban and regional planners, urban and environmental designers, environmental behaviour researchers,
landscape architects, urban sociologists, economists, etc.),
each emphasizing different aspects thereof.
The quality of life initially had been associated with
objective indicators; after the 1970s, the practice of considering it in conjunction with social indicators has become
* Corresponding author

widespread [5, 6]. Namely, quality of life is explained as
a notion which contains both environmental and psychological compounds [7, 8], and it depends on objective and
subjective factors [4, 9-14]. In this context, the quality of
life can be defined as the product of the interaction between psychological, social, physical, and economic conditions, which effect the development of humanity and
society. Quality of life is also the degree of satisfaction
and trust that people have [15-24].
In order to determine life quality, certain researchers
use scales, including spatial aspects (architectural-planning
space, organization and accessibility of space, and green
space), human aspects (people and social relations), functional aspects (welfare, recreational, commercial, and transportation services), and contextual aspects (pace of life,
environmental health, and upkeep) as the basis of their
assessment [22, 25, 26]. At the institutional and international level, an example of an instrument including both
technical and layperson assessment measures of urban quality is given by the ‘European Common Indicators’. This
initiative, supported by the European Commission and the
European Environmental Agency since 1999, aims at monitoring environmental sustainability at the local level [27].
Certain life quality indicators determined by the Royal
Commission (1992) [28] are as follows:
* Economic indicators (attainability of average income level and job opportunities),
* Social indicators (availability of health services, social aid services, good education, culture and recreation
means, accessibility of mass transportation),
* Environmental indicators (fresh air, soil and water
possibility, land using decisions in conformity with ecological processes, sufficiency of outdoor and green areas,
healthy nature habitats, being distant to the problem of
noise, flood, erosion and safety against other dangers),
* Aesthetic indicators (connections with cultural and
natural inheritance),
* Institutional indicators (provision of participation of
people in the decisions concerned with the society, collaboration and coordination among institutions).
Life quality components may vary from one culture
to the other, from one country to the other, and even from
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one city to the other. For this reason, studies are generally
carried out at the city or district level [1, 17, 22, 29, 30].
In the study, perceived urban life quality was assessed with
respect to physical conditions in two different sample areas,
districts in this case, composed of new and traditional housing areas. The centre of Kastamonu, which is a mediumsized city, allows immigrants to relocate from rural areas to
urban areas by providing new employment and education
opportunities. This leads to the creation of new settlement
regions. Local administration mechanisms also enabled the
city to grow in both northern and southern directions,
effecting city topography. However, growth was provided
only in the form of housing areas, whereas the characteristics and ecological texture of the city were not taken into
consideration. In this regard, this study aims to create
awareness in inhabitants and to guide local mechanisms
for prioritized intervention and action areas.

2. MATERIALS AND METHOD
Kastamonu is located in the west of the Black Sea region of Turkey. The first settlements in the city were east
and west of the Karaçomak Stream and spread to the
north and south in line with the increase of the population.
After the foundation of the university in 2007, the north
region of the city became a highly preferred region. There
are 19 districts in the city centre. Registered building
status in those districts is given in Table 1. Two districts,
different from each other in physical, social, and cultural
terms, were selected as the study field (Figure 1). The
district of Hepkebirler, one of these two districts, was
selected as a sample area of the study because it is one of
the first settlement areas of the city, contains significant
architectural examples, and was better to preserve its
original traditional texture compared to other districts.

TABLE 1 - Kastamonu city centre district population and registered building status [31, 32].
Name of the
district
Akmescit
Aktekke
Atabeygazi
Beyçelebi
Cebrail
Candaroğulları
Esentepe
Hepkebirler
Hisarardı
Honsalar

Population
1863
5883
524
2708
2771
6110
2995
1903
1195
1703

Number of
Registered Buildings
106
20
103
17
58
70
35
55

Name of the district

Population

İnönü
İsfendiyar
İsmailbey
Kırkçeşme
Kuzeykent
Mehmet Akif Ersoy
Saraçlar
Topçuoğlu
Yavuz Selim
Total

19577
1544
4504
2080
17223
9367
9325
1481
591
93347

FIGURE 1 - Position of the Hepkebirler and İnönü districts.
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Number of
Registered Buildings
1
16
46
15
33
31
606
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There are 70 registered buildings in the district [31].
However, the population rate is lower than that of the new
settlements. Conversely, the district of İnönü has new period architectural examples and is preferred by middle and
high-income groups. Its population is more intense, as well.
The district of İnönü is generally composed of multifloor housing (4–7 floors). The district of Hepkebirler is
composed of independent single-floor and multi-floor
housing (2–5). While the street texture of the district of
Hepkebirler has an organic structure, it is observed that
the district of İnönü has a linear structure (Figure 2).

like to measure in the principal mass (taken as 50%), Q=1-P,
and D=accepted sampling error (a sampling error of 10%
was stipulated in the study). In determining the number of
households that will be the subject of the study, the average number of household members was taken as 3.83.
Accordingly, the number of households that should be
assessed was calculated as 102 for the district of İnönü
and 95 for the district of Hepkebirler. The survey form
was administered by the officials of the Turkish Statistical
Institute (TÜİK). Finally, the third stage of this study was
the assessment of the data obtained. The data was assessed using the SPSS 17.0 program. The independent ttest was used in an attempt to reveal the differences between parameters.
3. RESULTS
The physical and built environmental conditions are
effective in the detection of the perception of urban life
quality [34]. In Turkey, settlement systems passed through
different stages congruent with technological development
and became entities that are in disharmony with the environment and do not accord significance to natural structure,
particularly in the 18th and 19th centuries.

FIGURE 2 - Street Texture of the Hepkebirler and İnönü Districts

This study was carried out in three stages. The first
stage was determining the sample area and obtaining the
relevant data. Survey questions were prepared and the
number of housing units to which the survey would be
applied was determined in the second stage. The survey
questions, prepared using a 5-point Likert scale, were
divided into four sections:
(1) the section containing characteristics related to
household members’ assessments (6 questions),
(2) the section where architectural and urban planning
characteristics are examined (7 questions using a metric
wherein 1 = I definitely agree, 2 = I agree, 3 = I partially
agree, 4 = I disagree, and 5 = I definitely disagree), (3)
the section where outdoor green area status is examined
(8 questions), and
(4) the section for determining the sufficiency level of
reinforcement components (wherein 1=very sufficient,
2=sufficient, 3=partially sufficient, 4=insufficient, and
5=very insufficient). Cross-sectional method calculation
and the formula of n = (Z2NPQ)/(ND2 + Z2PQ) was used
in order to find the number of household members who
will be included in the survey (33). In the formula, the
symbols refer to the following meanings: n=sample size,
Z=safety coefficient (for a safety of 95%, this coefficient
is taken as 1.96), N=ground mass size (for the district of
İnönü, N=19577, and for the district of Hepkebirler,
N=1903), P=the probability of the characteristics you would

In this study, the opinions of the inhabitants of the
districts of İnönü and Hepkebirler, which were established
with new and traditional construction systems respectively, about the quality of their housing’s physical environment were assessed. When the household data of the
inhabitants of the districts of İnönü and Hepkebirler are
assessed generally, it is observed that both districts have
homogeneous distribution with respect to age, gender, and
education levels and similar results are obtained. When
income and profession group distribution is examined, it
is observed that the district of Hepkebirler is at a lower
level than the district of İnönü (Table 2).
TABLE 2 - Household member data in the districts of İnönü and
Hepkebirler.
Parameter

Parameter Groups

Male
Female
<25
Age groups
26–59
>60
Kastamonu
Date of birth
Other City
Primary School
High School
Education status
University
Master’s Degree
Housewife
Public Servant
Occupation
Student
Private Sector
Retired
0–666
Income status (Euros)
>667
Gender
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İnönü
(%)
35.3
64.7
3.9
76.5
19.6
79.4
20.6
45.1
21.6
18.6
14.7
40.2
8.8
2.9
23.5
22.5
54.9
45.1

Hepkebirler
(%)
38.8
57.1
11.6
66.3
22.1
91.6
8.4
44.2
9.5
32.7
8.4
52.6
1.1
7.4
16.8
20.0
77.8
22.1
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Assessment scales and average values given by inhabitants of the districts of Hepkebirler and İnönü, with
respect to architectural and urban planning, as well as
mean values are given in Table 3. Accordingly, while the
statement titled ‘There is sufficient parking lot area’ was
the most negative results for the districts of İnönü and
Hepkebirler, the statement of ‘Transportation to the city
centre and public areas is easy’ exhibits the most positive
response. For both districts, the parameters of ‘Similar
buildings resembling one another lead to monotony’ and
‘Streets are sufficiently broad and allow for pedestrian
movement’ were found to be significantly meaningful and
sufficient at a higher level in the district of İnönü than the
district of Hepkebirler. The statement that ‘Transportation
to the city centre and public areas is easy and comfortable’ was found to be meaningful and significant at a
higher level in the district of Hepkebirler than the district
of İnönü. ‘High buildings create an oppressive condition’
and ‘There are sufficient parking lot areas’ were found to
be meaningful at a significant level and were accepted at
higher levels in the district of İnönü than the district of
Hepkebirler. These results indicate that new settlement
areas are regarded as nonidentity and monotonous, but
they are also composed of broader areas where pedestrian
circulation is easier than in the narrow and roundabout
streets of the traditional texture.
Assessment measures and mean values of inhabitants
of the districts of Hepkebirler and İnönü, with respect to
open green areas, are given in Table 4. Accordingly, for
the district of İnönü, the statements that ‘Open green area
has sufficient size’ and ‘There are sufficient bicycle ways’
were determined to have most negative responses. For the
district of Hepkebirler, the statement that ‘There are sufficient bicycle ways’ was determined to have received the
most negative response. For the district of İnönü, the
statement that ‘There are sufficient walking ways’ was
determined as having the most positive response. For the
district of Hepkebirler, ‘Open and green areas can be
accessed on foot’ was the most positive result. The differences between the life quality measures for both districts

Streets are sufficiently broad and
allow for pedestrian movement.

There are sufficient parking lot
areas.

Transportation to the city centre
and public areas is easy and comfortable.

İnönü
2.71
2.99
2.75
Hepkebirler
2.85
3.05
3.27
0.673 N.S.
0.000*
Significance
0.326 N.S.
* p < 0.001 = very significant; ** p < 0.05 = significant; N.S. = not significant
District
Name

High buildings create
an oppressive condition.

Buildings resembling one
another lead to monotony.

Old and new buildings are in
harmony.

Form, colour, and details of
buildings were well designed and
suitable materials for ecological
conditions were selected.

TABLE 3 - Quality of life indicators of the districts of İnönü and Hepkebirler in terms of architectural and urban planning characteristics

2.88
3.22
0.047**

2.58
3.29
0.000*

3.17
3.58
0.020**

1.68
1.52
0.000*

were found to be significantly meaningful with respect to
the parameters of ‘There are sufficient walking ways’,
‘There are sufficient bicycle ways’, ‘Open and green areas
are a sufficient size’, ‘Sports areas are within walking
distance’, and ‘Sportive activities can be performed in
outdoor and green areas’, and were found to be significantly meaningful with respect to the parameters of ‘Open
and green areas can be accessed on foot’ and ‘Open and
green areas are aesthetic, well kept, and clean’. The district of İnönü was found to be more sufficient compared
to the district of Hepkebirler. When open green areas are
assessed, it is generally observed that the perceived life
quality of the inhabitants of the district of İnönü is higher
than that of the inhabitants of the district of Hepkebirler
for almost all parameters.
The sufficiency of the park areas’ reinforcement in
the districts of İnönü and Hepkebirler is given in Table 5.
According to the data obtained, while the sufficiency of
lighting units for the district of İnönü received the most
positive response, the sufficiency of WC units received
the most negative response. While Illumination units’ are
the most adequate aspect for the district of Hepkebirler,
‘Walking tracks’ has been identified as the most inadequate. According to inhabitants of both districts, parameters related to children playgrounds, sitting units, walking
tracks, sports areas, plant design, waste bins, and disabled
access were meaningful at a very significant level and the
district of İnönü was found more adequate compared to
the district of Hepkebirler. The difference between the
districts with respect to their satisfaction with the sufficiency of waste bins is meaningful at a very significant
level, and the district of Hepkebirler was found to be
more adequate than the district of İnönü. The difference in
adequacy of flooring, according to the neighbourhoods,
was found to be significant and the district of İnönü received a more positive response than the district of Hepkebirler. When reinforcement units were assessed, generally all reinforcement units, excluding illumination units,
waste bins, and food & beverage units, were found to be
more inadequate in the district of Hepkebirler than in the
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There are sufficient
walking ways.

There are sufficient
bicycle ways

Outdoor and green
areas have a sufficient size.

Outdoor and green
areas can be reached
on foot.

Outdoor and green
areas are aesthetic,
well kept, and clean.

Households take
care of their gardens.

Sports areas are
within walking distance.

Sportive activities
can be performed in
outdoor and green
areas.

District
Name

TABLE 4 - Quality of life indicators for the districts of İnönü and Hepkebirler in terms of the status of open and green areas.

İnönü

2.16

3.14

.15

2.40

2.52

2.88

2.45

2.56

Hepkebirler

4.47

4.62

4.33

2.81

2.94

3.03

4.24

4.45

0.000*

0.000*

Significance

0.000*

0.000*

0.000*

0.005**

0.010**

0.329

N.S.

* p < 0.001 = very significant; **p < 0.05 = significant; N.S. = not significant

Children’s playground

Sitting units

Walking tracks

Sports area

Herbal design

Parking lot area

Illumination units

Waste bins

WC

Food & beverage
units

Floor coverings

Disabled access

District
Name

TABLE 5 - Quality of life indicators for the park areas in the districts of İnönü and Hepkebirler in terms of sufficiency of reinforcement

İnönü

2.93

3.20

2.64

3.01

3.17

3.33

2.35

3.16

4.02

2.83

2.77

3.32

Hepkebirler

4.28

4.55

4.65

4.56

4.36

3.44

2.04

2.35

4.21

2.45

3.12

4.45

Significance

0.000*

0.000*

0.000*

0.000*

0.000*

0.481

N.S.

0.022**

0.000*

0.089

N.S.

0.019** 0.031**

0.000*

* p < 0.001 = very significant; **p < 0.05 = significant; N.S. = not significant

district of İnönü. As a result, one may say that inhabitants
of the district of İnönü generally find reinforcement units
more adequate compared to the district of Hepkebirler.
For this reason, the perceived life quality in the district of
İnönü is higher with respect to reinforcement units.
4. DISCUSSION AND CONCLUSION
This research about the perception of quality of life is
an appropriate tool, especially for urban planning, urban
regeneration, and the planning of residential areas, for
guiding sustainable applications. One of the most important indicators of life quality, such as well-planned housing and environment, is that it provides high satisfaction
for the user [35]. When satisfying an individual’s expectation from the physical environment where s/he is living,
the architectural structures that create the general character of the city, the open green areas and their relationship
with each other, and the effect of integrity are very important [17]. In recent years, studies were conducted to identify the characteristics and indicators reflecting the perception of quality of life on the city, district, and neighbour-hood
level [1, 27, 36, 37]. In the study discussed herein, three
fundamental aspects at the district level (8 scales of architecture and urban planning, 7 scales of open green area
status, and 12 scales of sufficiency of park areas rein-

forcement units) were considered. In total, 27 scales were
created, and perceived life quality was assessed accordingly. Similarly, in the study performed by [22], 4 fundamental titles and 20 different scales were used, and the
perceived residential environment quality (PREQ) scale
was created; they determined a functionalized housing satisfaction model with respect to housing periphery quality. In
another study, 2 fundamental purposes and 11 scales were
used in order to determine the perceived life quality at the
district level [25]. In another study, they used 4 fundamental titles and 19 scales and made assessments in the
city of Rome; they aimed to generalize this method for
other medium and small-sized cities [27]. In Italy, in a
study which aimed to identify the perception of life quality, 11 middle and small-sized cities and 12 scales (11
PREQ scales and 1 neighbourhood attachment [NA] scale)
were used; they also made an abridged version that focuses
on the neighbourhood level. They determined that in reduced scales where the consistency is continuous, it is
possible to evaluate the environmental quality of house,
building block, neighbourhood, and city-scaled settlements
[26]. In the study conducted in Kastamonu, the criteria
related to architecture and urban planning features were
found more adequate in the district of İnönü than the district of Hepkebirler; only the city centre and transportation
to public places criteria were found equally adequate.
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For both settlements, insufficiency of parking lot areas was expressed. The fact that the streets in the district
of Hepkebirler, which has a more central position, are
narrow and roundabout causes problems in pedestrian
circulation. Pedestrianization projects were not prioritized
by the city in general. This reduces the perceived life quality of the inhabitants. The data obtained are similar to the
study conducted by [26] where they investigated the trouble in the movement areas of the inhabitants of different
districts in Rome. Because high buildings have been erected
among the traditional ones and affect the skyline negatively, the residents stated that the area is not sufficient in
terms of architectural characteristics.
The district of İnönü fails to offer a planned, regular
settlement in conformity with standards. Such a settlement would respond to the requirements, as should be the
case in Western types of modern settlements.
All scales excluding the scale regarding a lack of sufficient walkways for the inhabitants of the district of İnönü
with respect to outdoor green area status were assessed
negatively; the inhabitants of the district of Hepkebirler
assessed all scales negatively. The values obtained suggest that perceived life quality in the district of İnönü is
higher than that of the district of Hepkebirler. It was suggested in both the surveys used in this study and other
studies related to the issue [17] that open green areas were
not sufficiently large and there were no sufficient walkways in the district of Hepkebirler. Inhabitants of both
districts assessed the scale of green areas being within
walking distance and walkways being sufficient positively.
This resembles the data obtained by [38] in the study where
they assessed green areas with respect to perceived life
quality. Bicycle ways have not been designed in both districts, as it is the case in the city overall. However, newer
and spatially bigger park areas in the district of İnönü allow
people to use those areas as bicycle ways.

Today, district inhabitants should be encouraged to
participate in decision-making processes for determining
perceived life quality depending on changes in requirements at the time [39]. Studies that include the user in the
stages of determining the perceptions of inhabitants regarding the environment, developing existing housing area
characteristics, and quality of new arrangements should be
increased. It is expected that this study, which evaluated
the perceived life quality in two different districts of
Kastamonu with different characteristics, shall be a model
for other living units with similar characteristics and size
with respect to architecture-urban planning, outdoor green
areas, and reinforcement units in the parks.
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According to the scales of sufficiency of reinforcement
units in the parks, it is observed that inhabitants of both
districts assessed all scales, excluding illumination units,
negatively. In addition to this, it was determined that satisfaction of the inhabitants of the district of Hepkebirler with
sufficiency of illumination units, waste bins, and food &
beverage units was higher compared to the inhabitants of
the district of İnönü. The architectural characteristics of the
traditional settlement texture in the district of Hepkebirler, and depending on these reinforcement units, were
insufficient.
All datas from the study state that the perceptions of
quality of life of İnönü district’s residents are higher than
that of the residents of Hepkebirler.
When these assessments are associated with household-member data, they suggest that there is a positive
relation between education level and income level in particular. The result indicates that life quality scales are related to age, gender, socioeconomic level, and residence
period of inhabitants resembles other studies [22, 25, 27].
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ABSTRACT
In the present study quicklime, zero-valent iron (ZVI)
and quicklime-ZVI mixture were used as stabilizing agents
to treat arsenic in contaminated soils collected from a realgar mining area. Leaching concentration and the change
of arsenic fractionation were analyzed to investigate the
effects of three stabilizing agents on arsenic stabilization.
The results indicate that both quicklime and ZVI exhibited
excellent stabilization effects for arsenic-contaminated
soils. The arsenic leaching concentrations after stabilization
in both cases were lower than the standard arsenic leaching concentration-China (5.0 mg L-1), with a stabilization
rate of over 90%. At pH of 7.5–8.0, the Fe/As molar ratios
of 25–100, the addition of ZVI was beneficial for arsenic
stabilization. However, after the addition of quicklime to
ZVI stabilized soils, the arsenic leaching concentrations
increased. Before treatment, the arsenic contents in various fractions were in the sequence of calcium-bound arsenic (Ca-As) > aluminum-bound arsenic (Al-As) > ironbound arsenic (Fe-As) > residual arsenic (O-As) > exchangeable arsenic (AE-As). Arsenic in the Ca-As form
was the highest in the soil both before and after the stabilization. The addition of ZVI and quicklime increased the
Fe-As and Ca-As contents, respectively, and both decreased the AE-As contents in the soil.
KEYWORDS: arsenic; quicklime; zero-valent iron; stabilization;
arsenic fractionation

1. INTRODUCTION
Arsenic is one of the most ubiquitous carcinogenic
elements, which is often found in contaminated soils. Elevated levels of arsenic can be present in the environment as
a result of mineral weathering, geothermal activity, and
numerous artificial sources including mining, landfill
leachate and pesticide use [1-3]. Exposure to arsenic causes
serious human health problems.
* Corresponding author
# The authors have contributed equally to this work

The realgar mine located in Shimen, Hunan province
has a history of 300 years old, which has been abandoned
without any management. The leachability of arsenic from
tailings of this realgar mine has caused serious contamination of soil, surface water, and groundwater, which poses
a significant hazard to the surrounding environment and
the residents. The arsenic content of the topsoil near the
realgar mine has reached a level of 115.1 mg kg-1 [4].
Stabilization has been widely studied to reduce the
solubility of arsenic in contaminated soils. Chemical substances are generally added into the soils to change the
fraction or valence of arsenic, thereby transforming arsenic from potentially hazardous phases into less hazardous
ones [5,6]. Generally, iron or several forms of iron solid
phases and quicklime have been reported to be very effective in immobilizing arsenic, and reducing the availability
of toxic element [7-10]. It is documented that iron could
stabilize As via adsorbing and precipitating of dissolved
arsenic onto the surface of Fe oxides [11]. Hartley et al.
[12] studied the reduction of As mobility in landfill soils
using various Fe amendments, and found that waterextractable As in Fe-amended soil was reduced from 459 to
40 µg kg-1. It was also found that Fe(II)/Fe(III) salts combined with quicklime were more efficient stabilizing
agents for As than ZVI, and goethite.
Arsenic in soils can be distributed into various fractions. The effects of As stabilization has been frequently
evaluated via chemical distribution analysis from sequential extraction procedure (SEP) tests [13]. Onken and Adriano [14] studied the arsenic availability in soil, and sequential extraction of As by NH4Cl, NH4F, NaOH and H2SO4
was performed to monitor the redistribution of As between different fractions with time. These As fractions
are:(1) non-specifically absorbed; (2) bound to aluminum
(Al-As); (3) bound to iron(Fe-As); (4) bound to calcium
(Ca-As) and (5) in residual phases (O-As). The fractional
distribution of arsenic in soils reflects stabilizing effect,
contamination status and hazard level of arsenic in the
soil. In general, the content of exchangeable As (AE-As)
is approximately equal to that of non-specifically absorbed
[15], which is relatively easy to release and be biologically
absorbed. Therefore, it is more hazardous than the other
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fractions. Fe-As and Al-As are insoluble in soil solution
and bound tightly with the soil, making their biotoxicity
lower than that of Ca-As [16].
The researches on arsenic stabilization have mainly
focused on the effect of ferric iron, iron oxides and quicklime, and rarely involve the effects of arsenic stabilization
with the mixture of ZVI and quicklime, or the changes in
fractional distribution of arsenic in the soil. The mixture
of ZVI and quicklime would reduce the heavy metal
leaching from contaminated soil because of its high reduction potential. The objectives of this study were to
examine the effects of ZVI, quicklime and the mixture of
ZVI and quicklime to stabilize a highly arsenic contaminated soil. The release of As was investigated using SEP
to evaluate the stabilization effect of As in soils after
different treatments.
2. MATERIALS AND METHODS
2.1 Chemicals and Soils

Quiklime (analytical grade) was purchased from Sinopharm Chemical Reagent Co. Ltd., China and ZVI
powder (< 100 mesh, analytical grade) was obtained from
Sanpu Chemical Reagent, China. Tailing samples were
collected from an abandoned realgar mining area located
in Shimen, Hunan Province. Approximately 20.0 kg of
composite tailings was collected at the depth of 0–20 cm
of the tailing piles. Due to the high arsenic concentration
of the mine tailings, the sample was mixed with arsenicfree natural soil sample at a ratio of 1:5 to prepare the
tested soil. After air drying and disintegration, the tested
soil was separated through a 10 mesh sieve and storied for
use.
The main physico-chemical properties of the tested
soil are presented in Table 1. The total As concentration
in the soil samples was measured in the filtrates of an acid

digestion (aqua regia, 50%+50% H2O) using inductively
coupled plasma mass spectrometry (ICP-MS, Thermo X-2)
analysis. The tested soil was characterized as a sandy loam
with a neural pH.
2.2 Stabilization experiments

Batch experiments were performed in duplicate in
500 mL beakers. A total of 200.0 g of soil was thoroughly
mixed with a calculated dose of stabilizing agents at a
liquid to solid (L/S) ratio of 0.25 and placed in shade for
15 d. Quicklime at four dosage (0, 1.25%, 2.5%, 5.0% by
weight, Group A in Table 2), ZVI in five molar ratios of
Fe/As (0, 10, 25, 50 and 100, Group B), and quicklimeZVI mixtures (Group C) were employed.
2.3 Arsenic leaching test

Arsenic leaching test was performed with reference to
the Chinese National Standards, Identification Standards
for Hazardous Wastes (ISHW)—Identification for Leaching Toxicity (GB5085.3-2007) and Horizontal Vibration
Method (GB5086.2-1997). The procedure was as follows:
the soil sample (90.0 g) was placed in a 1 L extraction
flask, certain volume of extracting solvent (deionized water) was added to the flask at a liquid to solid ratio of 10:1.
The resultant mixture was stirred at 100 rpm and 25 ο C for
8 h, and then kept still for 16 h. Finally, the sample was
centrifuged at 5000 rpm for 5 min, and the supernatant
was carefully decanted and stored at 4 οC. The supernatant
was diluted and the arsenic concentration was analyzed by
ICP-MS.
2.4 Sequential Extraction Analysis

Traditional extracted methods have been used to identify the fractionations of arsenic in neutral soil and acid soil
[14]. However, Wu et al. [15] proposed a sequential extraction procedure, which was a commonly utilized fractionation method for assessing specific calcareous paddy

TABLE 1 - Physico-chemical properties of the experimental soil.
Soil sample
Tested soil

Arsenic content
(mg kg-1)
2500.8

pH
7.3

Moisture content
(%)
9.5

Sand
(%)
61.7

Silt
(%)
25.1

Clay
(%)
13.2

OM
(g kg-1)
37.5

CEC
(cmol kg-1)
30.1

TABLE 2 - Different treatments for arsenic stabilization experiments
No.
A A1
A2
A3
A4
B B1
B2
B3
B4
C C1
C2
C3
C4

Soil (g)
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0

Deionized water (mL)
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0

Amount of quicklime (%)
0
1.25%
2.5%
5.0%
0
0
0
0
1.25%
1.25%
1.25%
1.25%
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Fe/As molar ratio
0
0
0
0
10.0
25.0
50.0
100.0
10.0
25.0
50.0
100.0
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field soil contaminated by As. Furthermore, various SEP
procedures were compared (modified from the original
methods developed by Chang and Jackson [17] and SEP
method by Manful [18]). The pH of tested soil in the present study was above 7, and a certain mount of quicklime
was added into the soil which led to a calcareous paddy
field soil. Therefore the SEP procedure proposed by Wu
et al. [15] was applied.
The procedure was as follows: the soil sample (0.8 g)
was placed in a 40 mL centrifuge tube. Each sample was
treated with 15 mL of 1 mol L-1 NH4C1 and shaken for
30 min. The tubes were then centrifuged at 3000 rpm
for 15 min. Supernatants were decanted and reserved for As
analysis(AE-As). Each tube was then washed twice with
10 mL of saturated NaCl, resuspended, centrifuged, and
supernatants discarded. Each tube was then extracted with
15 mL of 0.5 mol L-1 NH4F for 1 h, centrifuged at 3000 rpm
for 15 min, and supernatants decanted and reserved for As
analysis (Al-As). Each tube was then washed twice with
10 mL of saturated NaCl, resuspended, centrifuged, and
supernatants discarded. Each sample was then extracted
with 15 mL of 0.1 mol L-1 NaOH for 17 h, centrifuged at
3000 rpm for 15 min, and supernatants decanted and
reserved for As analysis (Fe-As). Each tube was then
washed twice with 10 mL of saturated NaCl, resuspended,
centrifuged, and supernatants discarded. Each tube was
then extracted with 15 mL of 0.5 mol L-1 H2SO4 for 1 h,
centrifuged at 3000 rpm for 15 min, and supernatants
decanted and reserved for As analysis (Ca-As). The O-As
content was determined using the heating digestion
method with reference to the total arsenic determination
method. The arsenic contents in all the above extracts
were determined using ICP-MS analysis. Each treatment
had three replicates for statistical purposes.

zation was mainly controlled by the formation of Ca-As
precipitates, and the formation of precipitation and conversion of arsenic into non-soluble forms (calcium arsenite,
calcium hydrogen arsenate hydrates, calcium hydrogen arsenates, etc.) were responsible for the low leaching of arsenic from the solidified/stabilized samples [19]. Furthermore, quicklime could produce immobile salts with moisture and CO2 in atmosphere, and a CaCO3/Ca(OH)2 layer in
the soil surface could be produced in the presence of moisture [20]. Therefore, quicklime and arsenic ions were able
to produce stable calcium arsenates, which were not susceptible to leaching in alkaline conditions [21].
As shown in Fig. 1, the pH of soil increased rapidly with
the addition of quicklime, which would contribute to the
immobilization of As. It was reported that AsO43- was the
primary species of As in solution, and Ca3(AsO4)2 was more
stable than other calcium arsenates at pH above 12 [22].
Furthermore, Dutre et al. [23] and Vandecasteele et al. [24]
also demonstrated that the formation of Ca3(AsO4)2 and
CaHAsO3 precipitates at high pH levels (12-13) controlled
the immobilization of As. Therefore, in the present study
arsenic in the soils could be effectively stabilized by
quicklime due to the formation of Ca3(AsO4)2 precipitates
at high pH conditions. Additionally, as the amount of quicklime increased, the system pH rose, more Ca3(AsO4)2 precipitates were formed, and correspondingly, the arsenic
stabilization rate increased.

3. RESULTS AND DISSCUSSION
3.1 Effect of quicklime on arsenic stabilization in soil

Arsenic concentrations in the water extract versus the
amount of quicklime added as well as the change of the
soil pH are given in Fig. 1. The stabilization rate (W) can
be used herein as the index of arsenic stabilization effect,
which is represented as follows:
W = (Cbefore stabilization − Cafter stabilization)/Cbefore stabilization (1)
wherein C represents the arsenic concentrations in the
water extract.
As seen in Fig. 1, the addition of quicklime greatly
promoted the arsenic stabilization. Without quicklime
addition, the arsenic concentration in the water extract
was 8.2 mg L-1, above the regulatory limit of 5.0 mg L-1
provided in the ISHW. On the contrary, the arsenic concentrations in the water extract were reduced to 3.1, 0.8,
and 0.5 mg L-1, respectively, when 1.25%, 2.5%, and 5%
of quicklime were applied. Meanwhile, the corresponding
arsenic stabilization rates were 61.9%, 90.1% and 94.4%,
respectively. Researchers have reported that As immobili-

FIGURE 1 - Effect of quicklime addition on As stabilization
3.2 Effect of zero-valent iron on arsenic stabilization

The effects of ZVI on arsenic concentrations in the water extracts and the change in soil pH are shown in Fig. 2.
The pH of the tested soil first increased to 8.2 and then
slightly decreased with increasing addition of ZVI. Arsenic concentrations in the leachates decreased dramatically
to about 0.6 mg L-1 at Fe/As molar ratios of 10:1 and 25:1,
with the corresponding arsenic stabilization rates about
92.5%. When the Fe/As molar ratios were higher than
25:1, the arsenic leaching concentrations were further reduced with the addition of ZVI. The arsenic leaching
concentrations were 0.5 mg L-1 and 0.4 mg L-1, respectively, at the Fe/As molar ratio of 50:1 and 100:1, and the
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tained by Kim et al. [35], who used the amorphous iron
precipitates to evaluate the stabilization of available As in
contaminated tailing from two abandoned metal mines,
and found that the treated tailings had the lowest extractable As concentration at pH 6. Therefore, acid condition
was beneficial to the arsenic stabilization in soil by ZVI,
which was completely different from the treatment of
quicklime. Thus, adjust the pH of soil to acid could increase the stabilization efficiency of ZVI.
3.3 Effect of combination of ZVI and quicklime on arsenic
stabilization in soil

FIGURE 2 - Effect of ZVI addition on As stabilization and soil pH

corresponding arsenic stabilization rates were 93.4% and
95.6%. From the standpoint of treatment cost effectiveness, an optimal Fe:As molar ratio of 50:1 was chosen.
The stabilization of As with iron is achieved via the
formation of amorphous or crystalline iron (III) arsenate
compounds or through its adsorption on the surface of
iron oxyhydroxide, and arsenic adsorption is significantly
positively correlated with iron oxide content [25-27].
When added into soils, ZVI are quickly oxidized to form
poorly crystalline Fe oxides [28]. Furthermore, goethite
and hematite are the most widespread iron oxides and
oxyhydroxides in soils and sediments, and the hemitite
has higher sorption capacity than goethite [25]. Sushil et
al. [29] studied the removal efficiency of As (III) in anoxic groundwater by nanoscale zero-valent iron (NZVI),
and revealed that NZVI gradually converted to magnetite/maghemite corrosion products mixed with lepidocrocite over 60 d. Application of ZVI as a promising
removal method was investigated in deal with synthetic
groundwater containing 500 mg L-1 As(III), and the the
As (III) was partially oxidized and As(V) sorbed on the
forming hydrous ferric oxides (HFO) during subsequent
oxidation of Fe(II) by dissolved oxygen [30]. Similarly,
soil arsenic turned to be adsorbed onto these iron oxides
to produce insoluble salts like ferric arsenate and ferric
arsenite which then precipitated out [31]. It has been
proved that the concentration of leached arsenic can be
reduced to a magnitude of ppb (µg L-1) by using high
stoichiometric ratios of Fe to As, e.g. Fe/As>4, and in this
case the predominant mechanism is adsorption of arsenic
on the surface of Fe (III) hydroxides, particularly the
poorly crystalline ferrihydrite [32].
Note that the soil pH were higher than 8.0 with the
addition of ZVI at Fe/As molar ratios of 10 and 25, in
which cases negative hydroxyl (OH-) ions were abundant
and competed with the arsenate anions for adsorption
sites. Then, as the pH declined below 8.0 with Fe/As
molar ratios further increased to 50 and 100, more iron
(Fe) oxides were formed and contributed to the adsorption
of arsenate, therefore, the arsenic concentration in the
leachate was minimal [33, 34]. Similar results were ob-

Fig. 3 shows the effect of ZVI on arsenic leaching
and the change in soil pH of the tested soil when a certain
amount of quicklime (1.25%) was added (Group C, Table
2). As shown in Fig. 3, after 1.25% quicklime was added,
the arsenic concentrations in the water extract became less
than that provided in ISHW-China. However, the arsenic
leaching concentrations were positively related with the
Fe/As molar ratios. The soil pH increased significantly to
about 10.0 when quicklime was added, and maintained
around 10 with increasing ZVI. The arsenic concentrations in the leachates were 2.6, 2.7, 2.9, and 3.0 mg⋅L-1 at
Fe/As molar ratios of 10:1, 25:1, 50:1, and the corresponding arsenic stabilization rates were 67.8%, 67.0%,
64.2%, and 63.4%, respectively. The arsenic leaching
concentrations herein were higher than that of ZVI application alone.

FIGURE 3 - Effect of ZVI and quicklime addition on As concentration in the water extract and soil pH

The results show that the combination of quicklime
and ZVI could effectively reduce the arsenic concentrations in the water extract. Similar results were obtained by
Srinivasa et al. [20], who found that soil arsenic could be
totally immobilized by grinding with Nano-Fe/Ca/CaO,
and Nano-Fe/Ca/CaO treatment reduced the concentrations of leachating heavy metals to values lower than Japan
soil elution standard regulatory threshold of 0.01mg L-1 for
As. Warren et al. [36] also studied a treatment comprised
the precipitation of iron (Fe) oxides in the contaminated
soil by adding ferrous sulfate and quicklime, their investigation indicated that Fe oxides and quicklime treatment
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combinations could minimize As uptake by plants, where
in soil pH was maintained nearly constant.
However, the results herein suggest that the addition
of quicklime reduced the efficiency of ZVI on arsenic
stabilization, which could be explained as follows: Firstly,
as quicklime was added, the soil pH increased, negative
hydroxyl (OH−) ions are abundant which compete with
the arsenate anions for adsorption sites. Secondly, quicklime consumed some of the water added, and the oxidation of ZVI had been limited. Thirdly the surface of iron
oxides was negatively charged in an alkaline environment, the adsorption of arsenic with iron oxides was reduced [2], as a result, arsenic concentrations in the leachate
increased. Therefore, it is suggested that the pH changes
may be the major factor that affect the efficiency of arsenic
stabilization in both iron and quicklime treatments.

tion/solidification, and found that As(III) and As(V) in the
slurries could be formed as calcium arsenite(Ca-As-O),
johnbaumite (Ca5(AsO4)3OH) and calcium arsenate hydroxide hydrate (Ca4(OH)2(AsO4)2•4H2O), respectively, at
different Ca/As molar ratios. Bothe and Brown [38] also
found Ca4(OH)2(AsO4)2•4H2O at Ca/As molar ratios between 2:1 and 2.5:1 as well as minor amounts of johnbaumite. In the present study, when the amount of quicklime increased from 1.25% to 5.0%, the corresponding
reduction of Ca-As proportion of the total arsenic content
was slightly decreased from 24.1% to 21.9%. With the
increased addition of quicklime, the water in the soil was
consumed so that the formation of calcium percipitates might
be constrained. As a consequence, the content of Ca-As
decreased.

3.4 Effect of quicklime on variation of soil arsenic contents in
each fraction

Fig. 4 presents the variation of arsenic content in five
fractions in soil as an effect of quicklime addition. Before
stabilization, the Ca-As content in the tested soils was
1504.0 mg kg-1, accounting for 52.9% of the total arsenic.
The arsenic contents in each fraction before the treatment
were as follows: Ca-As > Al-As > Fe-As > O-As > AEAs. The Al-As content accounts for about 17.8% of the
total arsenic, while the Fe-As, O-As, and AE-As contents
account for 16.3%, 12.5%, and 6.3%, respectively.
The AE-As is the most hazardous fraction for the environment. Therefore, the As content in AE-As can be
used to directly demonstrate the effectiveness of the fixation of available As. Table 3 reveals the correlation between the amounts of quicklime and the arsenic content in
each fraction. The AE-As content was negatively correlated
with the amounts of quicklime (n=4, R20.01 = 0.993). As the
amount of quicklime increased from 0 to 2.5%, the AE-As
content in soil decreased from 177.6 to 42.7 mg kg-1, and
its proportion of the total arsenic content decreased from
6.3% to 1.8%, while the Ca-As content in soil increased
rapidly. Therefore, the addition of quicklime could significantly reduce the AE-As content in the soil, and meanwhile, reduced the arsenic availability in the soil. Since
calcium and arsenate ions could form stable calcium arsenates in the soil, the addition of quicklime increased the CaAs content of the tested soil. Deok et al. [37] studied the
immobilization mechanism of quicklime based stabiliza-

FIGURE 4 - Soil arsenic contents in various fractionations after
stabilization with quicklime

As shown in Table 3, the Al-As, Fe-As, and O-As
contents were relatively reduced by the application of
quicklime. It also indicated that both the Fe-As and O-As
contents were negatively correlated with the amount of
quicklime (n = 4, R20.05 = 0.969, R20.05 = 0.917). Particularly, as the amount of quicklime increased from 0 to
2.5%, the proportions of Al-As, Fe-As, and O-As were
reduced by 71.5%, 62.7%, and 14.6%, respectively.
3.5 Effect of ZVI on variation of soil arsenic contents in each
fraction

Fig. 5 shows the changes in soil arsenic contents in
various fractions with addition of ZVI, and Table 4 dis-

TABLE 3 - Correlation coefficients between arsenic in various fractionations and amounts of quicklime (n = 4)
Amount of quicklime
Amount of quicklime
1
AE-As
−0.993**
Al-As
−0.804
Fe-As
−0.969*
Ca-As
0.356
O-As
−0.917
** P <0.01, α = 0.01, * P <0.05, α = 0.05

AE-As
−0.993**
1
0.829
0.981*
−0.333
0.941
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Al-As
−0.804
0.829
1
0.921
−0.730
0.638

Fe-As
−0.969*
0.981*
0.921
1
−0.488
0.872

Ca-As
0.356
−0.333
−0.730
−0.488
1
0.001

O-As
−0.917
0.941
0.638
0.872
0.001
1
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Ca-As and Al-As contents to the total arsenic content were
decreased by 24.9% and 62.9%, respectively. The capacity of soil for arsenic fixation relates to the content of free
iron. ZVI will be oxidized and formed Fe(OH)3 in soil,
and the arsenic adsorption capacity of Fe(OH)3 is higher
than Al(OH)3 and Ca(OH)2. Therefore, as the content of
ZVI increased, the content of Fe-As also increased, while
that of Al-As and Ca-As decreased. The reduction in the
pH value of the soil was also beneficial for leaching out
calcium arsenate and further resulted in the reduction in
Ca-As content [39], which was consistent with the results
obtained by quicklime.
3.6 Effect of combination of ZVI and quicklime on soil arsenic
contents in each fraction
FIGURE 5 - Soil arsenic contents in various fractionations of soil
after stabilization with ZVI

plays the correlation between the amount of ZVI and the
arsenic content in each fraction. The addition of ZVI
significantly reduced the AE-As content in soil. For instance, when the Fe/As molar ratio was 100:1, soil AE-As
content was reduced to 53.4 mg kg-1, and the proportion
of AE-As of the total arsenic was decreased by about
46.9%. The soil Fe-As contents were significantly positively correlated with the amount of ZVI (n = 4, R20.01 =
0.994). Our preliminary SEP tests indicated that most of
As in soils and sediment was associated with hydrous oxides solid phases. As has been discussed above, ZVI are
quickly oxidized via some oxidation steps to form poorly
crystalline Fe oxides, with the As subsequently adsorbed
via the ligand exchange of As species for the OH2 and
OH- groups on the Fe oxides [25]. At a Fe/As molar ratio
of 100:1, the proportion of Fe-As content of the total
arsenic increased by 11.4%. The similar results were reported by Koo et al. [8], who studied the efficiency of soil
amendments, such as Ferrous sulfate (Fe(II)), red mud,
Fe(II) with calcium carbonate (Fe(II)/L) or red mud (RM/F),
zero-valent iron (ZVI) on arsenic stabilization in amended
As-rich gold mine tailings and found that largely decreased water soluble As fractions were observed with the
ZVI treatments in mine tailings.
Soil Ca-As and Al-As contents decreased with the addition of ZVI. Similarly, both the Ca-As and Al-As contents were significantly negatively correlated with the
amount of ZVI (n = 4, R20.01 = 0.992, R20.05= 0.972). When
the Fe/As molar ratio increased to 100:1, the proportions of

As can be seen in Fig. 6, the AE-As content in the
soil was reduced from 177.6 to 121.9 mg kg-1 when the
Fe/As molar ratio was 10:1, and the proportion of AE-As
of the total arsenic was decreased by 22.4%. With the rise
in the Fe/As molar ratios, the AE-As contents shows a
slightly increase trend. However, the AE-As content was
still lower than the untreated soil. Table 5 shows that
except for the Ca-As content which was significantly
positively correlated with the amount of ZVI (n = 4, R20.05
= 0.884), a poor correlation was observed between the
amount of ZVI and the arsenic content in other fractions.
When the content of ZVI was low (10:1), the soil Fe-As
and Al-As contents decreased from the initially 462.4 and
502.3 mg kg-1to 280.8 and 243.1 mg kg-1, while the Ca-As
content slightly increased from 1504 to 1570 mg kg-1.
However, when the ZVI addition was high (Fe/As molar
ratio > 10), the Fe-As and Al-As content of the soil increased from 280.8 and 243.1 mg kg-1 (Fe/As molar ratio
10:1) to 329.7 and 433.8 mg kg-1 (Fe/As molar ratio
100:1), while the Ca-As content decreased from 1570.0 to
1299.5 mg kg-1. The results above were different from
those of group A and group B, which suggested that the
addition of quicklime or ZVI alone could lead to the decreased of Al-As immediately at any dose. The reasons
might be that Fe, Al, and Ca presented in the soil competed with each other to adsorb the arsenic [40]. Furthermore, it was reported that the most probable mechanisms
for the immobilization capacity with nano-Fe/Ca/CaO
treatment might be due to the adsorption and entrapment
of heavy metals into newly formed aggregates because of
the aggregation of soil particles and enclosure/binding
with Ca-associated immobile salts and its separation [41].

TABLE 4 - Correlation coefficients between arsenic and amount of Fe0 (n = 4) in various fractionations
Amount of Fe0
Amount of Fe0
1
AE-As
−0.885
Al-As
−0.992**
Fe-As
0.994**
Ca-As
−0.972*
O-As
0.980*
** P <0.01, α = 0.01, * P <0.05, α = 0.05

AE-As
0.885
1
0.932
−0.923
0.965*
−.869

Al-As
-0.992**
0.932
1
−0.994**
0.986*
−0.983*
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Fe-As
0.994**
−0.923
−0.994**
1
−0.991*
0.964*

Ca-As
−0.972*
0.965*
0.986*
−0.991**
1
−0.939

O-As
0.980*
0.869
−0.983*
0.964**
−0.939
1
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TABLE 5 - Correlation coefficients between arsenic and amounts of Fe0 (added with CaO, n = 4) in various fractionations.
Amount of Fe0
Amount of Fe
1
AE-As
0.099
AL-As
0.201
Fe-As
−0.310
Ca-As
0.884*
O-As
-0.867
** P <0.01, α = 0.01, * P <0.05, α = 0.05
0

AE-As
0.099
1
0.741
0.692
−0.461
-0.032

AL-As
0.201*
0.741
1
0.866
−0.319
0.189

Fe-As
-0.310
0.692
0.866
1
0.135
0.612

Ca-As
0.884*
−0.461
−0.319
0.135
1
0.856

O-As
−0.867
−0.032
0.189
0.612
0.856
1

4. CONCLUSIONS

FIGURE 6 - Arsenic contents in various fractionations of soil after
stabilization with quicklime-ZVI.

Therefore, in the present study, the majority of As might
combined with Ca to form Ca-As at a low ZVI application. As the ZVI content increased gradually, the arsenic
was predominant adsorbed into newly formed aggregates
by Fe and Al, thus the Ca-As content decreased, while
both the Fe-As and Al-As contents increased. Moreover,
the change in Al-As content might relate to the pH value
of the soil. With the addition of quicklime, the pH of
tested soils was stabilized around 10, and the content of
Al oxides was increased, which further increased the
content of Al-As.
Overall, the addition of quicklime and ZVI could
both efficiently reduce the content of AE-As and leaching
concentration of arsenic in the soil. When the amount of
quicklime was 1.25%, the molar ratio of Fe/As was 10:1,
the AE-As contents in the soil after treatment of quicklime, ZVI alone and their combination were 145.0, 109.4,
121.88 mg kg-1, respectively. At the same case, the leaching concentrations of arsenic in the soil after treatment of
quicklime, ZVI alone and their combination were 3133.5,
614.1, 2651.5 mg L-1, respectively. It is indicated that the
order of stabilization efficiency on arsenic in the contaminated soil was as follows: ZVI > ZVI-quicklime > quicklime. Besides, the effect of stabilization on arsenic in the
contaminated soil by combination of ZVI and quicklime
may be better by optimizing the amount of addition quicklime, water content, and the other conditions. Therefore, a
further detailed investigation should be performed.

(1) Both quicklime and ZVI exhibit reliable arsenic
stabilization effect for arsenic-contaminated soil. When
the amount of quicklime was between 1.25% and 5% and
the Fe/As molar ratio was between 10:1 and 100:1, the soil
arsenic leaching concentrations after stabilization were lower
than the arsenic concentration in leachates standard specified
in the Identification Standards for Hazardous WastesIdentification for Leaching Toxicity-China (GB5085.32007). The arsenic concentration in leachates was inversely proportional to the amount of quicklime at a
quicklime amount of 1.25%–5%. However, after the addition of quicklime to ZVI stabilized soil, the arsenic leaching concentrations increased.
(2) The soil Ca-As contents were high both before
and after the treatments, and the order of arsenic contents
in each fraction was as follows: Ca-As > Al-As > Fe-As >
O-As > AE-As. When treated with quicklime or ZVI
alone, the AE-As content was rapidly decreased with the
addition of quicklime or ZVI increased, meanwhile the
content of Fe-As or Ca-As increased evidently and led to
the content of Al-As decreased. Furthermore, when the
Fe/As molar ratio was high (above 10:1), the treatment of
the combination of quicklime and ZVI could reduce the
contents of both AE-As and Ca-As, and the contents of
Fe-As and Al-As were increased simultaneously. Additionally, the efficiency of ZVI alone on arsenic stabilization in the contaminated soil was the best, the next was
the combination of ZVI and quicklime and quicklime
alone, at the case of the amount of quicklime was 1.25%,
the molar ratio of Fe/As was 10:1.
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MORPHOMETRIC RELATIONSHIPS AND
VARIABILITY OF ANNUAL BODY CONDITION OF
SEA URCHIN (Paracentrotus lividus - Echinodermata:
Echinodermata) AT FOCA COAST IN THE SOUTH AEGEAN SEA
Aysun Küçükdermenci* and Aynur Lök
Ege University, Faculty of Fisheries, Department of Aquaculture, 35100 Bornova, Izmir, Turkey

1. INTRODUCTION

ABSTRACT
This study reports about ontogenetic allometry of
body components for the most common and abundant
echinoderm species (Paracentrotus lividus) in the Aegean
Sea (western Turkey). Paracentrotus lividus was collected
monthly from the coast of Foca for 12 months and biometric parameters were measured (spine test diameter,
spine test height, test diameter, test height and weight);
then, indices of body components were calculated. The
overall population showed a great concentration within the
classes’ 3.00-4.50 cm test diameter of lengths. The multiple regression (comparison) of body size and body component wet weight showed high interactions between test
diameter and total weight (r = 0.95), test diameter and test
height (r = 0.86) test height and total weight (r = 0.87),
test diameter and lantern length (r = 0.85) but there was
not found any significant interaction between the other
traits. Test diameter and total weight, test diameter and test
height, test height and total weight, total weight and gonad
weight, test diameter and gonad weight interactions showed
negative allometries (p<0.001) whereas test diameter spines
length and height spines length, test height and lantern
length, test diameter and lantern length interactions showed
positive allometries (t-test). The gonad index showed clear
cycle annually with a period of high values in the winter
months (6.06±0.57% in January and 6.86±1.65% in February) but low values in the spring-summer periods
(2.21±0.5% in April and 2.3±0.3% in June). Mean GI was
shown to have significant differences among the months
(F(5.003) = 21.503, p<0.001).

KEYWORDS: Paracentrotus lividus; allometry, relationship,
gonad, somatic growth, body components

* Corresponding author

Basic biological information of the considered species
is required to establish precautionary management strategies for the commercially harvested sea urchins, such as
measurable features. The study of the relationship between
two measurable features is allometry. In the most general
sense, allometry is the study of the body size measures and
their interactions with each other [1]. Size affects rates of
all biological structures and processes from the cellular
metabolism to the population dynamics [2]. Allometry of
the body components of sea urchins is quite variable
among species, and some sea urchins have the capacity to
alter the size and proportion of body components in response to varying environmental conditions [3]; for example, the allocation of resources to different components
of somatic growth varies with the level of food availability [4]. Somatic growth in sea urchins can decline with the
onset of gonad maturation, indicating a trade-off in the
allocation of nutrients [5]. Some of the ontogenetic allometric parameters of sea urchins represent some features that are adaptive. Some allometric parameters reflect
developmental and adaptive plasticity as shown by Aristotle’s lantern. Other parameters, such as the relationship
between height and diameter, are the best thought of as
developmental constraints [4].
Gonad indices change depending on the regions. For
example, it was lower than 8% [6], between 6 and 12%
[7] in Brittany and France but between 4.1 and 5.6% for
P. lividus in Algeria [8]. Somatic growth of Paracentrotus lividus in the field appears to be related to temperature, food quality and gonad development [9]. Bayed et
al. [10] detected that the increase in gonad index of Paracentrotus lividus occurs between January and March,
coinciding with the beginning of a period of algal reproduction, concurrent with increases in water temperature,
and the rates of food consumption on the northern Atlantic coast of Morocco. In the Mediterranean Sea, Lozano et
al. [11] indicated that the maturation of the gonads of
Paracentrotus lividus occurs during the winter and the
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main spawning starts in the spring or early summer, suggesting that the abundance of phytoplankton has an impact on the onset of lay.
The regular echinoid P. lividus is one of the most
abundant benthic species in the upper sub-littoral zone,
and is widely distributed along the eastern Atlantic and
the Mediterranean coasts [12]. Its biology has been well
studied in the Atlantic [13] and the western Mediterranean
[11] while relevant data are scarce for the eastern Mediterranean [14] and the Aegean Sea [15]. This edible Mediterranean sea urchin species is also found extensively in
Turkish waters from the Marmara Sea to the Mediterranean Sea [16]. Despite its extensive geographical distribution along Turkish territorial waters, local inhabitants do
not evaluate the edible part of the species to the same
extent as in other consumer countries. Although there are
many investigations about bio-ecological structure [17],
embryotoxic [18] or biochemical composition [19], and
gonadal index [20] of European sea urchin (Paracentrotus
lividus) in Turkey, there is limited information about the
relationship between biometric parameters and condition
indices of adults. Thus, the present work aims to investigate the temporal variation of body condition and lengthweight relationship (LWR) of P. lividus along the Foca
side. This study will also be useful for comparing the
biological cycle of the sea urchin populations in the Aegean coast with those of other areas in the Gulf of Izmir
and the eastern Mediterranean coast, considering different
environmental conditions.

2. MATERIALS AND METHODS
Sea urchin individuals, P. lividus, were gathered between August 2007 to July 2008 from Foca (038043 80’N;
026044 00’ E), Izmir (Fig. 1). Sixty specimens with test
diameter (excluding spines) were randomly collected by
hand monthly at 0.5-1 m depth for each sampling. In
addition, the surface water temperature was measured by
a mercury thermometer (range -10 to 100±0.5 ºC), and
salinity (‰) was determined by a hand refractometer
(NOW). P. lividus samples were immediately taken to the
laboratory where they were measured and dissected as the
next step.
In the laboratory, the horizontal test diameters (perpendicular to the oral-aboral axes; with and without
spines) and heights (oral-aboral axes) of sea urchin samples were measured using Vernier callipers (Mitutoyo
Absolute Coolant Proof IP66 Digital Caliper). After 5 min
of drainage on a filter paper, each sea urchin was wetweighted by 0.01-g precision electronic laboratory scales
(GE 412 Sartorius). Then, sea urchins were dissected
through peristominal membrane and body components
were wet-weighed separately. To eliminate differences
due to smaller and bigger specimens, we considered to
calculate the indices only for specimens between 35-45
mm. In these samples, wet body component index (WBI)
was calculated according to the ratio between the wet
weight of the body component (WWI) and the total wet
weight of the sea urchin (TWW) expressed in mg: WBI
(%) = WWI x 100/TWW [21].

FIGURE 1 - Geographical situation of the sampling site (Foca) located in the Aegen Sea coast.
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2.1 Statistical analysis

3. RESULTS

Morphometric relationships, i.e. test diameter and test
height, test diameter and total weight, test height and total
weight, diameter spines length and height spines length,
test height and lantern length, test diameter and lantern
length, total weight and gonad weight, test diametergonad weight, body component indices were estimated
using power function (Y = aXb) applying regression
analysis [22]. After logarithmic transformation, the relationship became linear: ln (Y) = ln (a) + b ln (X). The
association degree between variables was calculated by
the determination of coefficient (r), while a t-test with a
confidence level of 95% was applied to detect whether the
relative growth rates of the urchins’ biometric characters
were isometric or allometric (Ho: b =1 or 3). Values of b
were tested to determine whether they differed significantly from 1.0 or 3.0 (isometric growth) by use of a ttest:
T = (b-1)/SEB [4].
Positive or negative allometric growth was indicated
when b statistically differs from 1.0 or 3.0. Differences
among the months in body indices and test diameter were
identified using one-way analysis of variance (ANOVA)
with time as factor using a sub program of the Statistical
Package for the Social Science (SPSS) on a personal
computer. All statistical analyses were considered at significance level of 1% (p<0.01).

The bulk of the P. lividus population consisted of
small to large sized individuals and the test diameters
ranged from 15 to 65 mm. (Fig. 2). The overall population
showed a great concentration of lengths within the classes
3.00-4.50 cm TD. Large Paracentrotus lividus were consistently available in all seasons, with 3 % to 42 % of the
individuals that are >30 mm, although small Paracentrotus lividus were only available in the spring and winter
months with the rate of 6 to 26 % of the individuals that
are <30 mm. Size distribution of P. lividus populations
was depending on the season. One-way Anova indicated
that test diameters varied significantly among the seasons
(F (3,738) = 164.920, p<0.001).
The gut index increased until it reached a maximum
value (11.22±0.55 %) in February due to the short day
length. One-way Anova indicated that gut indices varied
significantly between the months (F (4,622) = 42.616,
p<0.001). The perivisceral index was more fluctuating
than the others (maximum value of 30.12±1.96% in November, minimum value of 11.43±1.13% in February).
The test index ranged between 51.04±3.23 % and
59.39±4.80 % throughout the year. However, Aristo index
showed stability between 4.06±0.3% and 5.28±0.5%
(Table 1).

FIGURE 2 - Size-frequency distributions of P. lividus sampled from Foca based on the test diameter.
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TABLE 1 - The variations of the body component indices (P. lividus).
Months

Gut index (%)

Lantern index (%)

Test index (%)

Perivisceral liquid index (%) Gonad index (%)

August
September
October
November
December
January
February
March
April
May
June
July

10.92±0.45
10.44±0.89
4.71±1.91
6.19±1.28
9.34±0.71
10.42±0.51
11.22±0.55
7.37±0.74
7.96±1.09
10.42±0.67
9.88±1.07
6.31±1.34

4.50±0.12
4.87±0.23
5.28±0.53
4.52±0.08
5.11±0.11
5.11±0.17
5.24±0.14
5.24±0.23
4.31±0.23
4.68±0.09
4.06±0.36
4.65±0.12

55.6±1.26
56.83±1.31
59.39±4.80
51.58±1.31
57.37±1.31
58.23±1.66
59.85±1.11
55.94±0.74
51.04±3.23
54.34±1.13
52.06±5.58
53.32±1.00

13.89±1.67
15.13±1.24
22.84±3.18
30.12±1.96
12.49±1.97
19.67±2.16
11.43±1.13
22.80±0.82
21.96±1.23
19.98±1.17
21.55±2.20
28.05±2.67

Test diameter and test height, test diameter and total
weight, test height and total weight, diameter spines length
and height spines length, test height and lantern length,
test diameter and lantern length, total weight and gonad
weight, test diameter and gonad weight relationships
were estimated for the site sampling (data not shown) as
well as from pooled data. The multiple regression (comparison) of body size and body component size showed
interaction. Significant positive correlations were found
between test diameter and total weight (r = 0.95), total
weight and test weight (r = 0.90), test diameter and test
height (r = 0.86), test height and total weight (r = 0.87),
test diameter and lantern length (r = 0.85) but there was
no significant correlation between the other traits (Fig. 3).
Test diameter and total weight, test diameter and test
height, test height and total weight, total weight-gonad
weight, test diameter and gonad weight showed negative
allometry, whereas diameter spines length and height spines
length, test height and lantern length, test diameter and lantern length showed positive allometry (t test).
The general relationships among parts, and a representative pattern of ontogenetic allometry in sea urchins,
were as shown in Table 2, for the European sea urchin P.
lividus from Foca coast. The lantern and gut have slopes
that were less than 1.0 (b = 0.259 and 0.047, respectively),
test and perivisceral liquid have slopes greater than 1.0 (b =

5.10±0.54
4.57±0.73
3.14±0.83
3.80±0.36
4.29±0.86
6.06±0.57
6.86±1.65
2.50±0.25
2.21±0.53
4.08±0.50
2.30±0.31
3.78±0.55

1.037 and 2.945, respectively). A slope of 1.0 would
represent isometric growth. The a values were 0.039 for
the lantern, and 0.093 for the gut. The a value was 0.452
for the test but 0.221 for the perivisceral liquid. The lantern, like the gut, tended to form a smaller fraction of total
weight as urchins grow but the rate of the change was
more variable across species, being not conservative. The
b for growth of the gut was found to be 0.047, which was
significantly different from 1.0 (p<0.05), indicating that
the guts formed a smaller fraction of total weight with the
growth of the animals. The only component determined
greater than 1.0 was the test and perivisceral liquid.
The surface water temperature at the sampling site varied significantly depending on the season. Temperature
ranged from 25 to 24.5 ºC during the summer months, and
then, it decreased to its minimum level of 15.6 ºC in December. It ranged from 18 to 17 ºC during the winter months
increasing to its maximum level of 26.1 ºC in August
(Fig. 4). Salinity ratio was stable along the year and it
varied from 37 to 38‰ on the north cost of Foca. The gonad index showed a clear cycle annually with a period of
high values during the winter months (6.06±0.57% in January, 6.86±1.65% in February), and it showed low values in
the spring-summer periods (2.21±0.5% in April, 2.3±0.3%
in June). Mean GI was significantly different among the
months (F(5,003) = 21.503, p<0.001).

TABLE 2 - Regression coefficient describing the relationship between the size (test diameter and total weight) and body component wet
weight (b values varied between 0.047 and 20.88 and a values between 0.039 and 0.90).
Regression analyses based on wet weight and
diameter of body components
Total weight and gut weight
Diameter and gut weight
Total weight and lantern weight
Diameter and lantern weight
Total weight and perivisceral liquid
Diameter and perivisceral liquid
Total weight and test weight
Diameter and test weight

r

SE

Df

MS

F

Sig

a

b

0.609
0.645
0.796
0.813
0.664
0.557
0.876
0.861

0.587
0.601
0.379
0.408
0.614
0.752
0.165
0.274

1
1
1
1
1
1
1
1

3.044
29.260
17.044
13.235
40.179
9.957
21.354
13.467

92.923
80.891
118.781
79.449
106.605
17.598
785.132
179.574

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.093
0.200
0.039
0.082
0.221
0.377
0.452
0.900

0.047
5.483
0.259
1.969
1.037
10.01
2.945
20.88
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FIGURE 3 - The multiple regression (comparison) of body size and body component size.
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FIGURE 4 - The variations of temperature and gonad index.

TABLE 3 - The regression values of P. lividus in different study areas.
Test diameter and total weight
W = 1.894 D1.849
r = 0.82
W = 0.0062 D2.48
r = 0.92
W = 0.0032 D2.479
r = 0.92
D = 1.323W+0.340
r = 0.93
W = 2.926 D-0.366
r = 0.95

Test diameter and test height
-

Total weight and test height
-

References
[30]

Study site
Croatia

H=0.85D0.87
r = 0.83
H=0.4252D1.035
r = 0.72
H=0.578D-0.347
r = 0.71
H=0.526D-0.916
r = 0.86

W = 0.0803H1.95
r = 0.83
W = 0.5396H1.417
r = 0.77
H=0.436W+0.433
r = 0.82
W=2.125H+0.765
r = 0.87

[16]

Greece

[31]

Italy

[32]

Spain

This study

Turkey

4. DISCUSSION
It is known that the species in various habitats exhibit
a large variety of diameter sizes. In this study, size distribution of P. lividus populations varied between seasons
(p< 0.001). Although the largest specimens (>30 mm) were
caught through the year, young urchins which are difficult
to detect, being hidden in crevices to avoid predation
[12, 23], were only occasionally present and always in low
numbers during our winter and spring samplings. GSI results
showed that a large reproductive output occurred in February
2008, which was not incorporated into the population, since
small urchins were not found in August 2008. Therefore,
increased larval mortality or recruitment failure existed,
events with great inter-annual variability [11, 24, 25], which
could explain the absence of small urchins. Alternatively,
the reported migration from recruitment towards growth
areas (Fernandez et al. [26]) may have been involved.
According to the results of this study, the artisanal fishery
of P. lividus has not yet severely affected its population in
this area. Large urchins, well beyond commercial size
limit of 40 mm (test diameter), were in contrast with other
heavily fished Mediterranean populations in which their
size was around 20 mm [27]. However, no published recent
studies are available for the Foca coast (western Bay of
Izmir), where this species is very frequent on the rocky
bottoms; here, at present, large-scale exploitation does not

exist. Such temporarily un-fished areas could serve as
nursery grounds and will be further exploited for stock
enhancement, or even for the development of sea urchin
farming [28].
Morphmetric relationships, such as length-weight, are
important for comparative growth studies because they
have been analyzed to estimate seasonal and temporal
variability of physiological status, reproduction and
growth. During growth, height (h) changes related to diameter (d). For animals that can be called as spherical,
relationship between diameter and height is reversed, and
improvement of diameter increases volume as well more
than improvement of height [4]. Our results are in agreement with Ebert [4] because the effect of test diameter on
the total weight (r = 0.95) was much more than the test
height (r = 0.86). Tomšić et al. [29], Antonidaou and
Vafidis [15], Pais et al. [30] and Ballesteros [31] also reported similar results but the relationship values of the
current study were higher than the others. This difference
of P. lividus biometric data varied possibly due to the hydrodynamic conditions of a region [14, 24, 32] (Table 3).
The height-diameter allometry is an adaptive response
to externally applied stresses on the test. The growth of
species follows negative allometry, as diameter increases at
a relatively faster rate than weight or height [15]. According to the results of this study, the relationship between
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biometric features was negative allometry, in parallel with
the studies of Antonidaou and Vafidis [15] and Tomšić et
al. [29]. The allometric relationship found by Pais et al.
[30] was different from those reported at about the same
latitude (Spain) by Ballesteros [31]. This pattern may be
linked with biotic interplays (Table 3).
The rate of ingestion is important as it sets the upper
limit for production, respiration, and maintenance activities [33]. The studies of Vadas [34], Greenwood [35], Lawrence and Lane [36], Azzolina [37], and Guillou and Michel [38] observed an inverse relationship between gonadal and somatic growths. Similarly, we found inverse
relationship (negative allometry) between gonad and somatic growth (p≤0.01) because somatic growth in sea urchins can decline with the onset of gonad maturation, indicating a trade-off in the allocation of nutrients [39]. A general allometric change in ingestion rate with body size has
been also reported [33]. The amount of food contained in
the gut of P. lividus is directly related to body size [40].
Similarly, the diameter and gut weight had positive allometry in this study (p≤0.01).
It is generally assumed that feeding capacity is directly related to the size of the lantern within species [41].
The Aristotle’s lantern of sea urchins can show an allometric relation with body size, and that it varies intraand inter-specifically [42]. For example, test diameter of 4
Strongylocentrotus species showed a negative allometric
or isometric relation to body size while that of S. francisconus showed a positive one [21]. Similarly, we found the
same range of allometric coefficients (>1; positive allometry) with Lawrence et al. [21].
Sea urchins are harvested in coastal areas around the
world for their roe (gonads) [42]. Recently, the importance
of the common sea urchin has increased. For sea urchin
cultivation purposes, it is necessary to have an appropriate
knowledge on the dynamics of the sea urchin populations,
especially on their gonad development. The reproductive
cycle of P. lividus has been commonly described through
gonad-somatic index (GSI), which is considered to be
adequate when the studied population falls into a restriction of similar size classes [43], as in the present study.
Gonad somatic index shows a typical fluctuation with a
single peak in February. The spawning period (based
upon the gonad indices) occurs between March and April,
when a clear and pronounced decline is observed (Fig. 4).
Authors who have examined the spawning cycle of P.
lividus in the Mediterranean have observed either one or
two spawning events; these spawning events are closely
linked to the energy sources availability, and indirectly, to
the prevailing hydrodynamic conditions [44]. In Ireland,
both single and double spawning were reported [45]. The
results of the present study support the existence of one
spawning mode per year for the Aegean Sea, and these
sea urchins are observed to behave like a typical Atlantic
population, with generally high gonad indices and a single
annual main spawning period, between February and
March.

Paracentrotus lividus gonadosomatic index values
may undulate from one year to another [46], and also vary
between neighboring localities [23], such as 6-12 % in
Brittany, France [7], 10-14 % in Corsica, France [47], 1.57.5 % in Spain [48], 2.78-5.62 % in Italy [30], or 3-22 %
in Israel [49]. Our results (2.21±0.53 % - 6.86±1.65 %)
are relatively similar to those of Pais et al. [30]. The differences between our findings and other authors can be
attributed to the availability of food resources as indicated
by Lawrence and Lane [36].
Therefore, gonad index is an important factor in the
scientific researches of sea urchins, being directly correlated with food availability [4], or temperature, and it is
strongly influenced by seasonal reproductive cycle of the
sea urchin; however, previous studies have shown that the
main determinants of gonad yield are body sizes [43].
Many authors have assumed the influence of temperature
on the gonad development of sea urchins [24, 50]. It has
been demonstrated that a decrease in temperature during
autumn is an important factor for initiating gonad growth
in Mediterranean and Irish populations of P. lividus [46,
51]. The decrease and low value of temperature would be
part of the “natural stress” that leads the echinoids to store
nutrients [6]. Herein, this assumption is also valid since
the beginning of the decline of the water temperature
coincides with the increase in gonad development (based
upon the gonad indices).
Another important factor to take into account is the
food availability, since gonads serve also as organs of
nutrient storage. Food availability and quality affect GSI,
and an increase in nutrients, even in winter months, results in a rapid increase in gonadal mass [27]. Bayed et al.
[9] detected that on the northern Atlantic coast of Morocco the increase in gonad index occurs between January
and March, and is followed by a single spawning period
between March and June, possibly triggered by the phytoplankton bloom in the area. In the Mediterranean Sea,
Lozano et al. [11] indicated that the maturation of the
gonads occurs during the winter and the main spawning
during the spring or early summer, suggesting that the
abundance of phytoplankton has an impact on the onset of
lay. This probably occurs in Foca, because a notable increase of GSI during the months of winter was detected.
This could be related to the higher intensity of food.
Weather conditions also influence the size of the gonads:
drifting algae are always more abundant after storms [52].
Gonad index usually increases with increasing sea urchin size [53], and this is seen even in lagoon environments. Hagen [54] observed that S. droebachiensis gonad
size increased with urchin size. Our results are in contrast
with Hagen [54] because there is an inverse relationship
between test diameter and gonad size. The difference in
allometric coefficients of this species could have an environmental and/or genetic basis.
Some of the ontogenetic allometry parameters of sea
urchins which are mentioned in this paper represent features that are adaptive, such as massiveness of the body
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wall, which is positively correlated with annual survival
rate [55]. Other parameters, such as the relationship between height and diameter, are best thought of as developmental constraints. Some allometric parameters reflect
developmental and adaptive plasticity as shown by Aristotle’s lantern.
ACKNOWLEDGEMENTS
The authors of this paper gratefully thank Prof. Dr.
Altan Lök for the supply of sea urchins and assistance in
the field.
The authors have declared no conflict of interest.

[12] Palacin, C. Giribet, G. Carnet, S. Dantart, L. and Turon, X.
(1998) Low density of sea urchins influence the structure of
algal assemblages in the western Mediterranean. Journal of
Sea Research, 39, 281-290.
[13] Barnes, D.K.A., Verling, D.K.A., Crook, A., Davidson, I. and
O’Mahoney, M. (2002) Local population disappearance follows (20 yr after) cycle collapse in a pivotal ecological species. Mar Ecol Progr Ser. 226, 311-313.
[14] Sellem, F. and Guillou, M. (2007) Reproductive biology of
Paracentrotus lividus (Echinodermata: Echinoidea) in two
contrasting habitats of northern Tunisia (south-east Mediterranean). Journal of the Marine Biology Association of the
United Kingtom 87, 763-767.
[15] Antonidaou, C. and Vafidis, D. (2009) Population structure
and morphometric relationships of Paracentrotus lividus
(Echinodermata: Echinoidea) in the South Aegean Sea. Cah.
Biol. Mar. 50, 293-301.
[16] Katagan, T. and Kocatas, A. (1995) Boreomysis arctica
(Kröyer),espece novelle pour la mer de Marmara, Turquie
(Mysidacea).Crustaceana 68(3), 396-397

REFERENCES
[1] Huxley, J.S. (1932) Problems of relative growth. (Methuen
publishing, London) Reprinted 1972, Dover Publications,
New York, 276.

[17] Unsal, S. (1973) The bio-ecological researches about Echinodermata that lives in Aegean Sea coastal waters. Ege University, Science Faculty 137.

[2]

West, G. B. Brown, J. H. Enquist, B. J. (1997) A general
Model for the Origin of Allometric Scaling Laws in Biology.

[3]

Russel, M. D. (1998) Spatial and temporal variations in
growth of the green sea urchin Strongylocentrotus droebachiensis, in the Gulf of Marine, USA. Proceedings of the 10th
International Echinoderm Conference. Ed.M. Barker, A.A
Balkema, Rotterdam. Pp. 533-538.

[18] Oral, R. and Uysal, H. (1998) Embryotoxicity of organic and
ınorganic compounds of selenium in the echinoid, Paracentrotus lividus (Echinodermata). International Conference on
Ecotoxicology and Environmental Safety, Antalya, Turkey.

[4]

Ebert, T. A. (1988) Calibration of natural growth lines in ossicles of two sea urchins, Strongylocentrotus purpuratus and
Echinometra mathaei, using tetracycline. In: R. D. Burke, P.
Mladenov, P. Lambert & R. L. Parsley. Echinoderms: Proceedings of the Sixth International Echinoderma Conference.
Rotterdam: A. A. Balkema 435-444.

[5]

Beddingfield, S.D. and McClintock, J.B. (1998) Differential
survivorship, reproduction, growth and nutrient allocation in
the regular echinoid Lytechinus variegates (Lamarck) fed
natural diets. Journal of Experimental Marine Biology and
Ecology, 226 (2), 195-215.

[6]

Spirlet, C. Grosjean, P. and Jangoux, M. (1998) Reproductive
cycle of echinoid Paracentrotus lividus:analysis by means of
the maturity index Invertebrate Reproduction and Development, 34 (1) 69-81.

[7]

Spirlet, C., Grosjean, P., Jangoux, M. (2000). Optimization of
gonad growth by manipulation of temperature and photoperiod in cultivated sea urchins, Paracentrotus lividus (Lamarck) (Echinodermata). Aquaculture 185, 85-99.

[8]

Soualili, D. and Guillou, M. (2009). Variations in the reproductive cycle of the sea urchin P. lividus in three differently
polluted locations near Algiers (Algeria). Marine Biodiversity Records. 1-6.

[9]

Fernandez, C. (1996) Croissance et nutrition de Paracentrotus lividus dans le cadre d’un project aquacole avec alimentation artıficielle, Universite de Corse, Océanologia. France.
These Doct. Univ. Corse, 279 p.

[10] Bayed, A., Quiniou, F., Benrha, A. and Guillou, M. (2005)
The Paracentrotus lividus populations from the northern Moroccan Atlantic coast: growth, reproduction and health condition. J. Mar. Biol. Ass. UK 85, 999-1007.
[11] Lozano, J. Galero, J. Lopez, S. Turon, X. Polacin, C. Morera,
G. (1995) Biological cycles and recruitment of Paracentrotus
lividus (Echinodermota: Echinoidea) in two contrasting habitats, Mar. Ecol. Prog. Ser, 122, 197-191.

2438

[19] Dincer, T. and Cakli, S. (2007) Chemical Composition And
Biometrical Measurements of Turkish Sea Urchin (Paracentrotus lividus, Lamarck, 1816). Critical Reviews In: Food
Science And Nutrition. Volume 47(1), 21–26.
[20] Kose, A. (2005) A study about the gonad productivity and
the indices changes of sea urchin (Paracentrotus lividus, Lamarck). These Doct. Ege University. Fisheries Faculty. Izmir/
Turkey.
[21] Lawrence, J. M., Robbins, B. D. and Bell, S. S. (1995) Scaling of the Aristotle’s lantern in five species of Strongylocentrotus (Echinodermata: Echinoidea). Journal of Natural History. 29, 243-247.
[22] Sokal, R.R. and Rohlf, F.J. (1987). Introduction to biostatistics,
W.H. Freeman and Company 2nd edition. New York, USA.
859p.
[23] Boudouresque, C.F. and Verlaque, M. (2001) Ecology of
Paracentrotus lividus. In: Lawrence, J. M., (2001). Edible Sea
Urchins: Biology and Ecology, Elsevier, Amsterdam, 177-216.
[24] Lopez, S. Turon, X. Montero, E. Palacin, C. Duarte, C. M.
and Tarjuelo, I. (1998) Larval abundance, recruitment and
early mortality in Paracentrotus lividus (Echinoidae). Interannual variability and plankton-benthos coupling. Marine
Ecology Progress Series, 172, 239-251.
[25] Tomas, F., Romero, J. and Turon, X. (2004) Settlement and
recruitment of the sea urchin Paracentrotus livdus in two
contrasting habitats in the Mediterranean. Marine Ecology
Progress Series, 282, 173-184.
[26] Fernandez, C. Caltagirone, A. and Johnson, M. (2001) Demographic structure suggests migration of the sea urchin Paracenrtotus lividus in a coastal lagoon. Journal of the Marine Biological Association of the United Kingdom, 81, 361-362.
[27] Guidetti, P., Terlizzi, A. and Ferdinando, B. (2004) Effects of
the edible sea urchin, Paracentrotus lividus, fishery along the
Apulian rocky coast (SE Italy, Mediterranean Sea). Fisheries
Research 66, 287-297.
[28] Kelly, M. S. and Cook, E. J. (2001) The ecology of Psammechinus miliaris. Edible Sea Urchins: Biology and Ecology.
J. M. Lawrence, Elsevier Science, 217-224.

© by PSP Volume 23 – No 10. 2014

Fresenius Environmental Bulletin

[29] Tomšić, S., Condies, A., Dupčić Radić, I. and Galmuzina, B.
(2010) Growth, size class frequency and reproduction of purple sea urchin, Paracentrotus lividus (Lamarck, 1816) in Bistrina (Adriatic Sea, Croatia). Acta Adriatica, 51(1), 67-77.
[30] Pais, A. Chessa, L.A. Serra, S. Melani, G. Ruıu, A. Manunza,
B. (2006). Morphometric relationships and annual gonad index of the edible sea urchin Paracentrotus lividus from North
Western Sardinia. Biol. Mar. Medit. 13(2), 202-203.
[31] Ballesteros, E. (1981). Algunos datos biométricos de Paracentrotus lividus (Lmk.), Arbacia lixula (Lmk.) y
Spharechinus granularis (Lmk.) (Echinodermata, Echinoidea). Oecologia Aquatica, 5, 227-231.
[32] Sanchez-Espana, A.I., Martinez-Pita, I. and Garcia, F.J.
(2004). Gonadal growth and reproduction in the commercial
sea urchin P. lividus (Lamarck, 1816) (Echinodermata:
Echinoidea) from Southern Spain. Hydrobiologia 519, 61-72.
[33] Peters, R. H. (1983) The Ecological implications of Body
Size, Cambridge Univ. Press, Cambridge, New York. 1-325
[34] Vadas, R. L. (1977) Preferential feeding on optimization
strategy in sea urchins. Ecol. Monogr 47, 337-371.
[35] Greenwood, P. J. (1980) Growth, respiration and tentative energy budget for two population of the sea urchins Parechinus
angulosus (Leske). Estuar. Coast. Mar. Sci. 10, 347-367.
[36] Lawrence, J. M. and Lane, J. M. (1982) The utilization of nutrients by postmetamorphic echinoderms. In: M.Jangoux and
J. M. Lawrence (eds.). Echinoderm Nutrition. A. A.
Balkema, Rotterdam, 283-316.
[37] Azzolina, J.F. (1988) Contribution àlétude de la dynamique
des populations de l’oursin comestible Paracentrotus lividus
(Lamarck). croissance, recrutement, mortalité, migrations.
PhD Thesis. University of Aix-Marseille II, France.
[38] Guillou, M. and Michel, C. (1994) The influence of environmental factors on the growth of Sphaerechinus granularis
(Lamarck) (Echinodermata: Echinoidea) J. Exp. Mar. Biol.
Ecol. 178, 97-111.
[39] Beddingfield, S.D. and McClintock, J.B. (1998) Differential
survivorship, reproduction, growth and nutrient allocation in
the regular echinoid Lytechinus variegates (Lamarck) fed
natural diets. Journal of Experimental Marine Biology and
Ecology, 226 (2), 195-215.

[45] Crapp, G.B. and Willis, M.E. (1975) Age determination in
the sea urchin Paracentrotus lividus (Lamarck) with notes on
the reproductive cycle. J. Exp. Mar. Biol. Ecol. 20, 157-178.
[46] Byrne, M. (1990) Annual reproductive cycles of the commercial sea urchin Paracentrotus.lividus from on exposed intertidal and a sheltered subtidal habitat on the west coast of
Ireland. Mar. Biol. 10, 275-289.
[47] Fernandez, C. and Boudouresque C.F. (2000) Nutrition of the
sea urchin Paracentrotus lividus (Echinodermata: Echinoidea) fed different artificial food. Marine Ecology Progress
Series. 204, 131-141.
[48] Murillo-Navarro, R. and Jiménez-Guirado, D. (2012). Relationships between algal food and gut and gonad conditions in
the Mediterranean sea urchin Paracentrotus lividus (Lam.).
Mediterranean Marine Science. 13(2), 227-238.
[49] Shpigel, M., Mcbride, S.C., Marciano, S., Ron, S., BenAmotz, A. (2005) Improving gonad colour and somatic index
in the Eurepan sea urchin Paracentrotus lividus. Aquaculture
245, 101-109.
[50] James, P., Heath,, P. and Unwin, M. (2007) The effects of
season, temperature and initial gonad condition on roe enhancement of the sea urchin Evechinus chloroticus. Aquaculture 270, 115-131.
[51] Regis, M.B. (1979) Analyse des fluctuations des indices
physiologiques chez deux echinoides (P. lividus (Lmk) et A.
lixula L. Cah. Biol Mar 22, 349-370.
[52] Guettaf, M. and San Martin, G. A. (1995) Étude de la variabilité de l’indice gonadique del’oursin comestible Paracentrotus lividus (Echinodermata: Echinidae) en Méditerranée
Nord-Occidentale. Vie et Milieu, 45 (2), 129-137.
[53] Paerse, J. S. Cameron, R. A. (1991) Echinodermata: Echinoidea. In: Giese AC, Pearse JS, Pearse VB (eds) Reproduction of marine invertebrates. Vol VI. Boxwood Pres, Pacific
Grove, 514-664.
[54] Hagen, N. T. (1998) Effect of food availability and body size
on out of season gonad yield in the green sea urchin Strongylocentrotus droebachiensis. Journal of Shellfish Research,
17(5), 1533-1539.
[55] Ebert, T. A. (1982) Longevity, life history, and relative body
wall size in sea urchins. Ecological Monographs, 52, 353394.

[40] Nedelec, H. Verlague, M. and Dallot, S. (1983). Note preliminaire sur les fluctuations de l’activite trophique de Paracentrotus lividus dans l’herbier de Posidonies. Rapports de la
Commission Internationale pour l’Exploration de la Mer
Mediterranee, 28, 153-155.
[41] Regis, M. B. (1978) Croissance de deux echinoides du golfe
de Marseille (Paracentrotus lividus (Lmk) et A. lixula L) Aspects ecologiques de la microstructure du squelette et de
l’evolution des indices physiologiques. These Sci. Univ AixMarseille III La Faculte des Sciences de Saint-Jereme,
France, 221pp.
[42] Lawrence, J. M. Pomary, C. M. Sonnenholzner, J. Hiratsuka,
Y. Molina, L. (2010) Scaling of Aristotle’s lantern in sea urchins Lytechinus and Tripneustes. In: L.G Harris, S.A. Bottger, C.W. Walker, M.P. Lesser, Echinoderms. Taylor and
Francis Group London, 219-224.
[43] Gonor, J. J. (1972) Gonad growth in the sea urchin , Strongylocentrotus purpuratus (Stimpson) (Echinodermota: Echinoidea) and the assumptions of gonad index methods. J. Exp.
Mor. Biol. Ecol. 10, 89-103.
[44] Chiantore, M., Vielmini, I.D., Privitera, D., Mangialajo, L.
and Cattaneo-Vietti, R. (2008) Habitat effects on the population structure of Paracentrotus lividus and Arbacia lixula.
Chem. Ecol, 24, 145-157.

2439

Received: February 11, 2014
Revised: May 22, 2014
Accepted: May 26, 2014

CORRESPONDING AUTHOR
Aysun Küçükdermenci
Ege University
Faculty of Fisheries
Department of Aquaculture
35100 Bornova, Izmir
TURKEY
E-mail: aysun.kose@ege.edu.tr
FEB/ Vol 23/ No 10/ 2014 – pages 2431 – 2439

© by PSP Volume 23 – No 10. 2014

Fresenius Environmental Bulletin

AEROBIC BIODEGRADATION KINETICS OF
17β-ESTRADIOL IN ACTIVATED SLUDGE: INFLUENCE
FACTORS AND METABOLIC PRODUCTS PREDICTION
Zhaohan Zhang1,2,*, Qiuyan Zou1, Lijun Xiang1, Nan Lin1,
Peng Gao1, Peirong Zhan2, Yujie Feng1,*, and Nanqi Ren1
1

State Key Laboratory of Urban Water Resource and Environment, Harbin Institute
of Technology, No73, Huanghe Road, Nangang District, Harbin 150090, China
2
Heilongjiang River Fisheries Research Institute, Chinese Academy of Fishery Sciences, No 43, Songfa Street, Daoli District, Harbin 150001, China

ABSTRACT

1. INTRODUCTION

The aerobic biodegradation of 17β-estradiol (E2) in
activated sludge was investigated to assess the function of
biodegradation on E2 removal in biological treatment system. The results indicated that all experimental data could
be well fitted by Michaelis- Menten Model and the degradation rates of E2 (k) in activated sludge were obviously
affected by initial E2 concentrations, MLVSS and temperatures. The k values had a positive linear relation with
lnC0, indicating that E2 was used by microorganism more
effectively at higher initial concentration. It varied in the
range of 0.716-9.117 h-1 at different MLVSS and temperatures, following a general law that the higher the
MLVSS and temperatures were, the higher the degradation rate constants would be obtained. The average degradation rates on the basis of MLVSS (k’) increased from
1.43 to 2.54 and 3.93 h-1/(g/L-MLVSS) with temperature
increasing from 5 to 20 and 35 oC, while the temperature
coefficient in the range of 5-20 and 20-35 oC were calculated as 1.039 and 1.029, respectively. Estrone (E1) was the
main metabolite in E2 degradation, with the degradation
rates of only 0.58-1.38% of E2 at the same condition. The
consecutive first-order kinetics was constructed to model
the E2 degradation and predict metabolite E1 accumulation, which fitted the measured data well. The results will
improve our understanding on the environmental fate and
ecological risks of estrogens in the sewage biological
treatment system.

KEY WORDS: Aerobic biodegradation; 17β-estradiol; MLVSS;
Temperature coefficient; Metabolic products
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Estrogens, a kind of endocrine disrupting compounds
(EDCs), have been attracting significant concerns in recent
years because they have the potential of exerting adverse
implications on the normal reproduction and endocrine
systems of fish, wildlife and humans [1, 2]. Natural estrogens, including estrone (E1) and 17β-estradiol (E2), are
mainly produced by humans and vertebrates, and their
excretion rate and type are determined by species, sex, age
and reproductive status [3]. After undergoing a series of
physical, chemical and biological processes, estrogens are
transferred from the sewer system to the WWTPs, where
biological degradation is thought as the primary removal
pathway of estrogens [4]. The reported range of natural
estrogen concentrations in WWTP influent is 7.3-197 ng/L
for E1 and 4.9-48 ng/L for E2, with apparent removal rates in
the range of 10-100% (E1) and 39.6-100% (E2), respectively [5-7], which might be influenced by the variable
characters of sewage composition and operational conditions of WWTPs. Although the treated effluent contain a
lower level of estrogen ranging from 0.2 to 44.6 for E1
and 0.4 to 12 for E2, many studies confirmed that they
could cause negative effects on aquatic organism, including induction of vitellogenin biosynthesis in male fish,
alterations of endocrine reproductive systems, decrease of
fertility and growth, abnormal development of gonads,
poor hatching and egg shell thinning for reptiles [8-10].
Many methods could be used to remove natural estrogens from the aqueous phase, including physicochemical
(activated carbon adsorption, Nanofiltration and ultrafiltration membrane), advanced oxidation process (K2FeO4, O3,
Cl2, ClO2, H2O2, UV/O3, UV/H2O2, UV/Fenton and ultrasonic treatment) and biological methods (activated sludge
system, MBR) [11-13]. Although all these methods had
satisfactory effects, biological treatment is much more
favored due to the higher removal efficiencies and lower
cost for E2 removal [14].
Removal of estrogens from aqueous phase in a biological system could be achieved in three pathways, in-
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cluding biotic and abiotic degradation, adsorption onto
solids and volatilization from the liquid phase into the
gas phase [15, 16]. E2 is a kind of hydrophobic and biodegradable compound, so it can be easily adsorbed and biodegraded by activated sludge. Numerous studies have investigated the aerobic biodegradation of E2 in soils, aquifer
materials, lake and marine sediments, soils and sediments
amended with biosolids and nutrients [17-20]. Up to now,
there are also several researches reporting degradation behaviors of E2 in activated sludge system. Ternes et al. [21]
reported that the elimination rate of E2 and E2 glucuronides at the µg/L levels was much faster than that at mg/L
ranges. Xu et al. [22] found estrogen concentrations did
not affect biodegradation rates in the range of ng/L to
lower µg/L, while it was greatly slower at concentration
of 100 µg/L. While Chen et al. [23] found that E2 degradation rates could be enhanced by initial E2 and MLSS
concentrations. The controversial results in the present
researches inspired us to systematically study the influence
of initial concentrations, sludge concentrations and temperatures on E2 degradation characteristics. Moreover, less
work was performed about the metabolic process of E2
degradation, thus it was desirable to study in detail the
metabolite accumulation and develop the prediction model.
The objectives of the present study are to investigate
the influence of initial concentration, MLVSS concentrations and temperatures on degradation kinetics of natural
estrogen E2 in activated sludge system, and to construct a
degradation model of E2 to predict the metabolic products
in the degradation process.
2. MATERIALS AND METHODS
2.1 Activated sludge

Activated sludge was collected from the aeration basin of Taiping sewage treatment plant which primarily
treats the domestic wastewater from Harbin city and operates in an improved anoxic oxic (AO) process. Sampled
sludge was stored in glass containers and then transported
to the laboratory in 2 h. It was first washed with fresh
water 3-4 times and centrifuged at 4000 rpm for 10 min to
remove soluble organic constituents, then MLVSS was
adjusted to about 5 g/L with mineral-salts medium [6.6 g/L
(NH4)2SO4, 1.36 g/L KH2PO4, 2.46 g/L MgSO4.7H2O,
2.92 g/L NaCl, 1.0 g/L CaCO3, and 6 mg/L EDTA-Fe]
and air was supplied with an air diffuser to ensure enough
oxygen in the sludge.
2.2 Degradation experiments design

Batch experiments were conducted in 500 mL Erlenmeyer flasks containing 300 mL liquor, which were shaken
on a constant temperature shaker at 125 rpm in dark throughout the experiments to maintain homogeneous mixing and
aerobic conditions. Dissolved oxygen (DO) and redox
potential were measured as 3.2 mg/L and 245 mV, respectively, which were kept almost constant through the whole
experiments due to no other organic matters (except for

very little E2) were added into experimental flasks. Initial
E2 concentrations, MLVSS and temperatures were selected
as main parameters affecting the biodegradation process. E2
concentration in this study was set as high microgram per
liter levels, due to some industry wastewater, such as
animal feeding lagoon water which contained 1-21 µg/L
estrogens and was much higher than the natural water
[24]. Experiments were conducted by changing one variable at a period of time while keeping other parameters
unchanged. Firstly, initial E2 concentrations were set at 0.5,
1.0 and 2.0 mg/L to investigate its influence on E2 degradation by keeping MLVSS of 2000 mg/L and temperature of
20 oC. Secondly, MLVSS concentrations were set as 500,
1000 and 2000 mg/L to examine the impacts of bacterial
population contents on E2 degradation by keeping E2
concentration of 2.0 mg/L at the same temperature. Finally, liquor temperatures were set as 5, 20 and 35 oC to
investigate the impact of temperatures on microbial activities for E2 degradation by keeping E2 of 2 mg/L and
constant MLVSS concentrations. A series of E1 degradation experiments were also conducted at initial concentration of 2.0mg/L, MLVSS of 500, 1000 and 2000 mg/L,
temperature of 20 oC to obtain biodegradation parameters
of E1, which were used in E2 degradation kinetic model
for predicting E1 production. Before spiking E2 or E1
stock solution, flask was adjusted to the designed sludge
concentrations with treated sludge and mineral-salts medium,
and pre-cultivated for 0.5 h to reach the desired temperatures.
Flask pH was controlled at 7.0 by using 0.1 mol/L HCl or
NaOH. All degradation experiments were conducted in
triplicates.
To obtain data for best describing E2 degradation
characteristics in activated sludge, 1 mL of mixed sludge
suspension were sampled from flasks at carefully designed
time intervals (t=1, 5, 15, 30 min, 1,3,5,10,24 and 48 h after
injecting E2) to analyze E2 and produced E1 concentrations.
50 µL 2N H2SO4 and 950 µL methanol were immediately
added into samples to stop E2 biodegradation at the approximate sampling time and extract E2 and E1 adsorbed
onto the sludge. After violently mixing samples on a vortex
mixer for 15 min, it was centrifuged at 4000 rpm for 5 min.
Then, supernatant was filtered by 0.45 µm organic filtration. E1 and E2 concentrations were analyzed by HPLC. All
samplings were measured in duplicate, with the standard
deviations of all measurements less than 5%. For E1 biodegradation, only the designed time intervals was larger
than E2 (t=0.5, 1, 3, 6, 19, 30, 45, 67, 91 and 115 h after
injecting E1). The other treatment processes for E1 analysis were similar with E2.
2.3 Analytical methods

E1 and E2 concentrations were analyzed by high performance liquid chromatography (HPLC) equipped with
UV detector (SPD-10A VP, Shimadzu, 280 nm applied)
and an extend-C18 reversed-phase column (Shimpack VPODS, 150 mm×4.6 mm) [25]. Mobile phase was acetonitrile and 10 mM phosphoric acid (50:50, v/v) with a constant flow rate of 1.0 mL/min. Column temperature was
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25 oC and pressure was about 120 bar. Injection volume
was 20 µL. Peak time of E1 and E2 were 6.52 and 4.62 min,
respectively. Limit of detection (LOD) and limit of quantification (LOQ) were determined from a signal to noise
of three and six, with the LOD of 0.04, 0.05 mg/L and
LOQ of 0.08, 0.1 mg/L for E1 and E2. Three replicated
standard samples containing 0.1 mg/L of E1 and E2 were
used to determine the standard deviation, which were all
less than 5%.

croorganism on E2 and can be considered as first-order
degradation rate constant (k’).The higher this value, the
more effective E2 is biodegraded by sludge bacteria.
The half-life of E2 in activated sludge can be calculated as:

t1/2 =

2.4 Kinetic model of E2 biodegradation

3.1 Effect of initial E2 concentrations

Fig 1 shows time variations in E2 concentrations during the batch-experiment cultivation period of activated
sludge at initial concentrations of 0.5, 1.0 and 2.0 mg/L. It
is obvious that E2 reduced to 0.04, 0.03 and 0.01 mg/L in
0.5 h at three levels, with removal efficiencies of all
above 97%. After 3 h reaction, E2 vanished in activated
system. Ternes et al. studied removal efficiency of E2 in
diluted sludge mixture (MLSS of 260 and 520 mg/L)
from a German STP, and found that E2 could be removed
by more than 95% at the initial concentration of 1 and
1000 µg/L within 3 h [21]. Chen et al. found that approximate 90% E2 vanished in first 2 h at initial E2 concentration of 10-200 µg/L and MLSS of 4 g/L [23]. These
results were similar with that in this study, except the
vanishing rate much slower.
To obtain E2 degradation rates at different initial concentrations, Michaelis- Menten kinetics were used to
model the experimental data, which fitted it very well
(R2>0.99). As shown in Table 1, Km increased from
0.747 to 1.957 mg/L with a linear relationship to initial
E2 concentrations (Km=0.813C0+0.323, R2=0.999), which
indicated that E2 and microbe cells had a less binding ex-

(1)

Where C is E2 concentration in activated sludge system at time t; Km is Michaelis constant, indicating the
affinity of enzyme and E2 molecular; Vm is the maximum
reaction rate of E2, including intracellular and extracellular sludge enzyme activities reaction; t is reaction time.
After integral of Equation (1), following Equation
could be obtained,

ln(C0 / C )
1 C − C0 Vm
=
.
+
t
Km
t
Km

(2)

Plot ln(C0/C)/t produces a linear relation against (CC0)/t with the slope of 1/Km and intercept of Vm/Km. A
lower Km means a greater binding extent of E2 and microbe. Vm/Km ratio indicates the utilization ability of mi-

E2:

2.5

2mg/L

Accumulated E1:

(3)

3. RESULTS AND DISCUSSION

Due to short experimental period and no other organic matter in this system, microorganisms used for E2
degradation did not grow in a significant degree. Michaelis-Menten equation was used to simulate the enzyme
reaction kinetic process of E2 in activated sludge [23], as
shown in Equation (1):

dC
V ×C
=− m
dt
Km + C

ln 2 K m ln 2
=
k'
Vm

1mg/L

0.5mg/L

2mg/L
7

1mg/L
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FIGURE 1 - Aerobic biodegradation of E2 (A) and accumulation of E1 (B) at different initial E2 concentrations.
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tent at higher initial E2 concentration. The reason might
be more E2 molecules would have less probability to bind
on the constant cells. Vm also increased linearly with initial
E2 concentrations with the values of 3.466 to 12.32 mg/(L.h)
(Vm=5.937C0+0.395, R2=0.999), indicating higher E2 concentration benefitted to biological reaction. Vm/Km ratio
could be used as degradation rate constant of E2 in activated sludge, which increased from 4.238 to 6.297 h-1 and
had a linear relation with lnC0 (Vm/Km=1.197lnC0 +5.504,
R2=0.994), as shown in Fig 1. It indicated that higher
concentration of E2 could be used by microorganism in
sludge much more effectively. The half-time of E2 decreased
from 0.149 to 0.110 h with initial E2 increasing from 0.5 to
2.0 mg/L, indicating that E2 had higher degradation rate at
high initial concentrations. Shi et al. [26] found that degradation of E2 at 1.0 mg/L by nitrifying activated sludge
obeyed first- order reaction kinetics with degradation rate
constant of 1.3 h-1. Li et al. [27] reported that degradation
of E2 in activated sludge at different initial concentrations
of 10, 30 and 50 µg/L fitted first-order kinetic model quiet
well with degradation constant of 3.32 h-1, which was
independent of initial E2 concentrations. E2 degradation
rate in this study was much higher than that of literatures.
This difference might be caused by microorganism types,
activities and community structures which were influenced by the treatment processes selection, operational
parameters (SRT, HRT, etc), geographic location (temperature, altitude, atmospheric pressure, etc), wastewater
characteristics (COD, N, P, toxic substance, etc) of STP.
Moreover, high initial E2 concentrations also benefitted to
improving degradation rate, which was selected at higher
concentrations than that in references. It was also confirmed by Watanabe et al. [28], who used microbes screening from river water and soil to degrade 4-nonylphenol
(NP) and found that NP degradation rate of Acidovorax
sp. increased with NP concentrations.
Fig 1 also shows changes of the accumulated E1 during E2 degradation by activated sludge at three initial E2
concentrations. The higher the initial E2 concentrations,
the more E1 were produced, indicating that E2 had high
transformation rate at higher initial concentrations. The

maximum accumulated concentration of E1 at initial E2
concentrations of 2.0, 1.0 and 0.5 mg/L were 0.82, 0.2
and 0.07 mg/L, respectively. However, E1 were all reduced to below 0.04 mg/L at three levels after 24 h reaction, indicating that the accumulated E1 could also be
transformed to other substances by sludge microorganism.
The reason of E1 accumulation was caused by E2 with
higher degradation rate than that of produced E1 in activated sludge system. Previous studies also reported that E1
was the main intermediate products produced in E2 biodegradation process [26, 29]. Lee et al. [30] reported that 200
µg/L E2 could be almost quantitatively oxidized by sewage
bacteria under both aerobic and anaerobic conditions, and
biodegradation initiated from hydroxyl group at C-17 of the
molecular, forming the major metabolite E1.
3.2 Effect of MLVSS concentrations

To investigate the effect of microorganism contents
on degradation characteristics of E2, batch experiments
were conducted at constant initial E2 of 2.0 mg/L, different MLVSS concentrations (500, 1000, 2000 mg/L) and
environmental temperatures (5, 20, 35 oC).
As illustrated in Fig 2, whole vanishing rate of E2 increased with MLVSS concentrations at all three temperatures, and E2 contents in all tests were reduced to below
detection limit in first three hours. It might be caused by
high microorganism contents, activities and adsorption
capacities in higher MLVSS, which made the degradation
more effectively. For example, E2 decreased from the initial
content to 1.12, 0.22 and 0.08 mg/gMLVSS in MLVSS of
500, 1000 and 2000 mg/L at 20 oC, with removal efficiencies of 72%, 89% and 92%, respectively. It also had the
same phenomenon at the other two temperatures, which
indicated that removal efficiencies of E2 in actual aerobic
bioreactor was closely related to sludge concentrations,
and higher sludge contents benefitted to E2 removal.
Moreover, the low E2 at mg/L range was taken as the sole
carbon source, which also contributed to improving of
removal rate with sludge concentration increase. Though
E2 in municipal sewage is in range of 1-50 ng/L [31],
much lower than that in our experiment, present results

TABLE 1 - Parameters of Michaelis-Menten Model for E2 under different initial E2 concentrations, sludge concentrations and temperature
Initial concentration
(mg/L)

Temperature
(oC)

0.5
1.0
2.0

20

5

2.0

20

35

MLVSS
(mg/L)

2000
500
1000
2000
500
1000
2000
500
1000
2000

Km
(mg L-1)
0.747
1.108
1.957
1.586
1.528
1.215
1.464
1.723
1.957
1.909
1.907
2.952
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Vm
(mg L-1h-1)
3.466
6.178
12.32
1.135
1.965
3.832
3.666
3.661
12.32
3.963
5.882
26.91

Parameters
Vm/ Km
(h-1)
4.638
5.576
6.297
0.716
1.286
3.154
1.167
2.124
6.297
2.076
3.084
9.117

T1/2
(h)
0.149
0.124
0.110
0.968
0.539
0.220
0.594
0.326
0.110
0.334
0.225
0.076

R2
0.999
0.9943
0.9898
0.9995
0.9996
0.9998
0.9984
0.9989
0.9898
0.9765
0.992
0.9734
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FIGURE 2 - Aerobic biodegradation of E2 under different MLVSS concentrations with initial E2 of 2 mg/L (A: 5 oC; B: 20 oC; C: 35 oC).

will also give some reference for E2 removal in actual
sewage. The relationship of E2 degradation rate at higher
(mg/L) and lower (µg/L and ng/L) levels will be further
investigated in our future work.
E2 degradation data at different MLVSS could also be
fitted very well by Michaelis-Menten Model (R2>0.973),

as shown in Table 1. Km of E2 increased with MLVSS
at 5 oC, while had a decrease trend with MLVSS at 20 and
35 oC, indicating temperature could significantly influence the bond between E2 molecule and microorganism
cell, which had positive correlations with temperature. It
was also obvious that Vm increased with MLVSS at three
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temperatures, and the reason might be that it contained
higher extra- and intra- cellular enzyme activities in sludge
system at higher MLVSS. Vm/Km implied degradation
rate of E2 in activated sludge, and ln(Vm/Km) had a linear
relationship with ln(MLVSS) at three temperatures

3.0

2000mg/L

[ln(Vm/Km)=1.070ln(MLVSS)-7.033 at 5 oC, R2=0.986;
ln(Vm/Km)=1.216ln(MLVSS) -7.483 at 20 oC, R2= 0.973;
ln(Vm/Km)=1.067 ln(MLVSS)-6.018 at 35 oC, R2= 0.933],
indicating that the higher MLVSS and temperatures were
designed, the faster degradation rate were obtained. By

1000mg/L

C(mg/gMLVSS)

2.5

500mg/L

(A)

2.0
1.5
1.0
0.5
0.0
0

3.0

5

10

2000mg/L

15 20
Time(h)

25

30

1000mg/L

35

40

500mg/L

C(mg/gMLVSS)

2.5
2.0

(B)

1.5
1.0
0.5
0.0
0

5

10

4.0
2000mg/L

C(mg/gMLVSS)

3.5

15
20
Time(h)

25

30

1000mg/L

35

500mg/L

3.0
2.5
(C)

2.0
1.5
1.0
0.5
0.0

0

5

10

15 20 25
Time (h)

30

35

40

FIGURE 3 - Accumulation of E1 during E2 aerobic biodegradation under different MLVSS concentrations with initial E2 of 2 mg/L (A: 5 oC;
B: 20 oC; C: 35 oC).
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comparison, half-time of E2 were all at the same order and
decreased with sludge concentrations at three temperatures.
Fig 3 shows variation of E1 produced in the process
of E2 degradation at three MLVSS and temperatures. E1
was accumulated in sludge system at different extents in
all tests. Generally, the higher sludge concentration, the
lower E1 accumulated. For example, the largest accumulated E1 at MLVSS of 500, 1000 and 2000 mg/L under 20 oC
were 1.38, 1.10 and 0.52 mg/gMLVSS, respectively, which
was caused by the combination results of E2 and E1 degradation. The reason was that more microorganisms were
used for estrogen degradation at high sludge concentrations, which both increased degradation of E2 and E1, but
that of E1 increased in a larger extent. After 10 h, E2 was
vanished from sludge system and E1 was accumulated,
which was degraded much faster at higher sludge concentrations. After 24 h reaction, E1 was not detected at MLVSS
of 2000 mg/L, while there also existed 0.96 mg/gMLVSS
of E1 at MLVSS of 500 mg/L.
3.3 Effect of temperatures

Temperature is one of the most important factors affecting biodegradation of organic matters, which can
directly influence microbial activity and degradation rate.
As shown in Fig 2, at all three MLVSS levels, the lower
the temperature designed, the higher the E2 concentration
were residual in aqueous phase. For instance, at MLVSS of
500 mg/L, E2 reduced from 2.0 to 0.93, 1.22 and 1.21 mg/L
at temperature of 5, 20 and 35 oC in first 5 min, indicating
E2 adsorption predominated in this stage and adsorption
effect was much better at lower temperature. While E2 decreased to 0.39, 0.24 and 0.05 mg/L after 1 h degradation,
with removal efficiencies of 80.5%, 88% and 97.5% in
system, indicating that E2 removal was mainly contributed
by aerobic biodegradation, and degradation rate increased
with temperature. The similar phenomenon was also observed in other two MLVSS conditions, which were also
divided into rapid adsorption and aerobic degradation
stage. Previous studies also reported similar influence of
temperature. Ternes et al. [32] found E2 removal in Brazilian STPs could reach 99%, higher than that of STPs in
Germany for 35%, which was mainly caused by temperature difference in different geographical location. Layton et
al. [33] also found that E2 had high mineralization rate at
higher temperature, and E2 removal rate could be improved
by higher MLVSS and longer HRT, indicating that higher
E2 removal rate at lower temperature area could be obtained by increasing MLVSS and prolonging HRT.
Michaelis-Menten model could also describe degradation data of E2 at different temperature, as shown in
Table 1. Km of E2 had a positive relation with temperature, indicating a higher binding capacity between E2 and
bacteria at lower temperature. This was because both E2
molecule and microbial cell had lower mobility at lower
temperature, which benefited their binding together. It was
also clear that Vm increased with increase of temperature,

which was largely caused by the higher enzyme activity
and concentration of both extra- and intra- cells at higher
temperature. Vm/Km, the degradation kinetics constant,
increased with temperature increasing. For instance, at
MLVSS of 2000, 1000 and 500 mg/L, Vm/Km decreased
by 49.9%, 39.5% and 38.6% with temperature reducing
from 20 to 5 oC, while increased by 44.8%, 45.2% and
77.9% with it increasing from 20 to 35 oC, indicating that
temperature exhibited a larger influence on E2 removal, with
its affecting extent being more distinct at higher temperature and lower MLVSS.
The dependency of degradation rate constant on temperature could be described by Equation (4),

k = k20θ tempt − 20

(4)

Where k20 was degradation rate of E2 at 20 oC; θ was
dependent coefficient of k on temperature. The higher the
deviation of θ from 1 was, the larger the influence of temperature on E2 degradation; tempt was actual degradation
temperature of E2 (oC).
Dependent coefficients were calculated in the temperatures of 5-20 and 20-35 oC, as shown in Fig 4. On the
MLVSS basis, average degradation rate constants increased
from 1.43 to2.54 and 3.93 h-1/(g/L-MLVSS) with temperature increasing from 5 to 20 and 35 oC, respectively, indicating that higher temperature benefitted to estrogen removal in actual activated sludge system. The obtained θ
value was 1.039 and 1.029 in range of 5-20 and 20-35 oC,
respectively, which was similar to ordinary wastewater organic substance (such as COD) in aerobic activated sludge
system.
Temperatures also had significant effects on accumulation of E1 during E2 degradation. Both the largest accumulated concentration and subsequent biodegradation rate
of E1 increased with temperature increasing. At MLVSS of
1000 mg/L, the largest produced E1 were 0.95, 1.10 and
1.23 mg/gMLVSS at temperature of 5, 20 and 35 oC, respectively. E1 reduced to 0.71, 0.18 and 0.05 mg/gMLVSS
after 24 h degradation, indicating that the higher temperature was set, the lower accumulated E1 and the faster degradation rate of E1 were obtained. Moreover, E1 were kept
almost constant at about 1.60, 1.46 and 0.92 mg/gMLVSS
after 10 h degradation at three MLVSS concentrations in
the reaction system of 5 oC, indicating that degradation
activity of activated sludge on E1 was obviously inhibited
at too low temperature. E1 accumulation at 35 oC was also
evidently affected by sludge contents, and reached 1.02 mg/g
MLVSS at sludge concentration of 500 mg/L after 36 h
biodegradation, while it was only 0.02 and 0.04 mg/g
MLVSS at MLVSS of 2000 and 1000 mg/L, indicating that
E1 accumulation was the comprehensive results of temperature and sludge concentration.
3.4 Model and prediction of metabolic product E1

To estimate E1 produced from E2 degradation, E1
degradation in activated sludge were conducted to obtain
degradation kinetic parameters of E1, as shown in Table 2.
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FIGURE 4 - Effect of temperatures on E2 biodegradation rate constants. k’ is the average value of E2 degradation rate constant for three
MLVSS concentrations at a certain temperature, and θ is the relative temperature coefficient in the range of 5-20 and 20-35 oC.

TABLE 2 - Parameters of Michaelis-Menten Model for E1 under different sludge concentrations
MLVSS
(mg/L)
500
1000
2000

Km (mg L-1)
2.098
2.314
2.312

Parameters
Vm/ Km (h-1)
0.0161
0.0232
0.0365

Vm (mg L-1h-1)
0.0338
0.0537
0.0844

Vm and Km of E1 also had the same variation trend with
that of E2, while biodegradation rate constants (Vm/Km
ratio) of E1 increased from 0.0161 to 0.0365 h-1 with
MLVSS increasing from 500 to 2000 mg/L, which were
only 1.38%, 1.09% and 0.58% of E2 at the same conditions. The corresponding half-time of E1 was obtained in
the range of 18.99-43.05 h at three MLVSS, which was
comparative to the previous reported values of 0.3-24 h
[22]. The difference might be caused by different MLVSS
concentrations, sludge source, initial E1 concentrations,
temperatures, etc.
The consecutive first-order kinetics process is shown
in Equation (5)-(7):
k

k

E2
E1
E2 →
E1 
→ products

dCE2
dt
dCE1
dt

(5)

= − k E2 CE2

(6)

= k E2 CE2 − k E1 CE1

(7)

The integral forms of Equation (6) and (7) were combined as:

CE1
CE20

=

CE − k t
1
−k t
−k t
(e E1 − e E2 ) + 10 e E1
1− k
CE20

(8)

t1/2 (h)
43.05
29.88
18.99

R2
0.992
0.983
0.955

Where kE2 and kE1 are degradation rate constants of
E2 and E1 (h-1), while CE2 and CE1 are concentrations of
E2 and E1; CE20 and CE10 are initial E2 (1.0 mg/L) and E1
(0 mg/L) concentrations; k=kE1/kE2.
Degradation experiments were conducted at initial E2
of 1.0 mg/L, MLVSS of 1000 mg/L and temperature of
20 oC to verify the accuracy of produced E1 in system by
model prediction. Degradation rates of E1 and E2 at this
condition were calculated as 2.54±0.41 and 0.0246±0.005
h-1/(g/L-MLVSS), respectively. As shown in Fig 5, E2
decreased rapidly and vanished to below detection limit in
3 h. The measured and predicted E1 had similar variation
tendency with the accumulated peak values both at 1 h,
before which the calculated values were above the measured ones, while opposite phenomena were observed after
this point. It might be caused by hysteresis effect of E1
production in process of E2 degradation and subsequent
E1 degradation in actual experiment, which were related
to hydrochemical conditions of mixed liquor, species and
quantities of microorganism, surface characteristics and
functional group of sludge, etc. All these would further
influence the transportation and transformation of estrogen molecules into and degradation products out of microorganism cells. Although these were not been considered in model prediction, the model could predict E1 accumulation well expect the little hysteresis effect, which
would improve our understanding on E2 removal in more
complex condition and actual system.
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FIGURE 5 - Prediction of produced E1 during E2 degradation process using activated sludge. The test was conducted at 20 oC, initial E2
concentration was 1.0 mg/L, and sludge concentration was 1000 mg/L.

National Scientific Fund for Distinguished Young Scholars (51125033).

4. CONCLUSIONS
E2 could be effectively removed by activated sludge,
which strongly affected by initial concentrations, MLVSS
and temperatures. Michaelis- Menten Model could fit E2
degradation data well in all studied conditions. E2 degradation rate constants varied widely in the range of 0.7169.117 h-1, which all had a positive relation with initial E2
concentrations, MLVSS and temperatures. The average
degradation rate based on MLVSS increased from 1.43 to
2.54 and 3.93 h-1/(g/L-MLVSS) with temperature increasing from 5 to 20 and 35 oC, while temperature coefficient
were obtained as 1.039 and 1.029 in range of 5-20 and 2035 oC, respectively. E1 was found as the main metabolite
of E2 biotransformation in all tests. The accumulated E1
increased with initial E2 concentrations and temperatures,
and decreased with MLVSS. A regression model was also
developed to predict the metabolite E1 produced in process of E2 degradation, and the predicted data correlated
well with the detected ones. Therefore, the results have
important implication for better understanding the fate
and environmental behaviors of E2 in biological treatment.

The authors have declared no conflict of interest.

REFERENCES
[1]

Sumpter J.P. and Johnson A.C. (2005) Lessons from endocrine disruption and their application to other issues concerning trace organics in the aquatic environment. Environ Sci
Technol 39, 4321-4332.

[2]

Martin O.V., Shialis T., Lester J.N., Scrimshaw M.D., Boobis
A.R. and Voulvoulis N. (2008) Testicular dysgenesis syndrome and the estrogen hypothesis: A quantitative metaanalysis. Environ Health Persp 116, 149-157.

[3]

D'Ascenzo G., Di Corcia A., Gentili A., Mancini R., Mastropasqua R., Nazzari M. and Samperi R. (2003) Fate of
natural estrogen conjugates in municipal sewage transport
and treatment facilities. Sci Total Environ 302, 199-209.

[4]

Yang X.L., Li G.P., Chen M., Shen D.Q., Fu D.F. and Song
H.L. (2012) Occurrence and Removal of Steroid Estrogens in
Three Sewage Treatment Plants in Nanjing, China. Fresenius
Environ Bull 21, 3836-3841.

[5]

Chang H., Wan Y., Wu S.M., Fan Z.L. and Hu J.Y. (2011)
Occurrence of androgens and progestogens in wastewater
treatment plants and receiving river waters: Comparison to
estrogens. Water Res 45, 732-740.

[6]

Xu N., Xu Y.F., Xu S., Li J. and Tao H.C. (2012) Removal of
estrogens in municipal wastewater treatment plants: A Chinese perspective. Environ Pollut 165, 215-224.

[7]

Liu J.L., Du X.Y., Zhang C., Lei Y., Gao Q. and Li Y. (2011)
Determination of Estrogenic Hormones in Water Samples
Using High Performance Liquid Chromatography Combined
with Dispersive Liquid-Liquid Micro-Extraction Method
Based on Solidification of Floating Organic Drop and PreColumn Derivatization. Fresenius Environ Bull 20, 10751083.

ACKNOWLEDGEMENTS
This research was supported by National Natural
Science Foundation of China (51308150, 51121062),
Specialized Research Fund for the Doctoral Program of
Higher Education (20132302120072), Fundamental Research Funds for the Central Universities (Grant No.
HIT.NSRIF.2013109), Open Project of State Key Laboratory of Urban Water Resource and Environment, Harbin
Institute of Technology (ES201202), China Postdoctoral
Science Foundation funded project (2013M541396) and

2448

© by PSP Volume 23 – No 10. 2014

Fresenius Environmental Bulletin

[8]

Holm L., Berg C., Brunstrom B., Ridderstrale Y. and Brandt
I. (2001) Disrupted carbonic anhydrase distribution in the
avian shell gland following in ovo exposure to estrogen. Arch
Toxicol 75, 362-368.

[24] Hutchins S. R., White M. V., Hudson F. M. and Fine D. D.
(2007) Analysis of lagoon samples from different concentrated animal feeding operations for estrogens and estrogen
conjugates. Environ Sci Technol, 41, 738-744.

[9]

Jobling S., Williams R., Johnson A., Taylor A., Gross-Sorokin
M., Nolan M., Tyler C.R., van Aerle R., Santos E. and Brighty
G. (2006) Predicted exposures to steroid estrogens in UK rivers
correlate with widespread sexual disruption in wild fish populations. Environ Health Persp 114, 32-39.

[25] Feng Y.J., Zhang Z.H., Gao P., Su H., Yu Y.L. and Ren N.Q.
(2010) Adsorption behavior of EE2 (17 alphaethinylestradiol) onto the inactivated sewage sludge: Kinetics, thermodynamics and influence factors. J Hazard Mater
175, 970-976.

[10] Turker H. and Takemura A. (2013) Priming Effects of
Xenoestrogen Treatments on Vitellogenin Synthesis under in
Vitro and in Vivo Conditions in the Mozambique Tilapia.
FreseniusEnviron Bull 22, 3236-3242.

[26] Shi J., Fujisawa S., Nakai S. and Hosomi M. (2004) Biodegradation of natural and synthetic estrogens by nitrifying activated sludge and ammonia-oxidizing bacterium Nitrosomonas europaea. Water Res 38, 2323-2330.

[11] Liu Z.H., Kanjo Y. and Mizutani S. (2009) Removal mechanisms for endocrine disrupting compounds (EDCs) in wastewater treatment - physical means, biodegradation, and
chemical advanced oxidation: A review. Sci Total Environ
407, 731-748.

[27] Li F.S., Yuasa A., Obara A. and Mathews A.P. (2005) Aerobic batch degradation of 17-beta estradiol (E2) by activated
sludge: Effects of spiking E2 concentrations, MLVSS, and
temperatures. Water Res 39, 2065-2075.

[12] Du J., Fan Y., Hu W., Gu L. and Qian X. (2012) Degradation
of 17 Alpha-Ethinylestradiol and its Estrogenic Activity Removal By TiO2 Nanotube Arrays in Photocatalysis. Fresenius
Environ Bull 21, 3515-3520.
[13] Zhang W.L., Li Y., Mao K. and Li G.P. (2012) Removal of
Endocrine Disrupting Compounds and Estrogenic Activity
from Secondary Effluents during TiO2 Photocatalysis. Fresenius Environ Bull 21, 731-735.
[14] Estrada-Arriaga E.B. and Mijaylova P.N. (2011) Influence of
operational parameters (sludge retention time and hydraulic
residence time) on the removal of estrogens by membrane
bioreactor. Environ Sci Pollut R 18, 1121-1128.
[15] Khanal S.K., Xie B., Thompson M.L., Sung S.W., Ong S.K.
and Van Leeuwen J. (2006) Fate, transport, and biodegradation of natural estrogens in the environment and engineered
systems. Environ Sci Technol 40, 6537-6546.
[16] Zhang Z.H., Feng Y.J., Gao P., Liu J.F. and Ren N.Q. (2012)
Comparing the adsorption and desorption characteristics of
17 alpha-ethinylestradiol on sludge derived from different
treatment units. Int J Environ Sci Te 9, 247-256.

[28] Watanabe W., Hori Y., Nishimura S., Takagi A., Kikuchi M.
and Sawai J. (2012) Bacterial Degradation and Reduction in
the Estrogen activity of 4-nonylphenol. Biocontrol Sci 17,
143-147.
[29] Zhou X.K. and Oleszkiewicz J.A. (2010) Biodegradation of
oestrogens in nitrifying activated sludge. Environ Technol
31, 1263-1269.
[30] Lee H.B. and Liu D. (2002) Degradation of 17 beta-estradiol
and its metabolites by sewage bacteria. Water Air Soil Poll
134, 353-368.
[31] Combalbert S. and Hernandez-Raquet G. (2010) Occurrence,
fate, and biodegradation of estrogens in sewage and manure.
Appl Microbiol Biot 86, 1671-1692.
[32] Ternes T.A., Stumpf M., Mueller J., Haberer K., Wilken R.D.
and Servos M. (1999) Behavior and occurrence of estrogens
in municipal sewage treatment plants - I. Investigations in
Germany, Canada and Brazil. Sci Total Environ 225, 81-90.
[33] Layton A.C., Gregory B.W., Seward J.R., Schultz T.W. and
Sayler G.S. (2000) Mineralization of steroidal hormones by
biosolids in wastewater treatment systems in Tennessee
USA. Environ Sci Technol 34, 3925-3931.

[17] Carr D.L., Morse A.N., Zak J.C. and Anderson T.A. (2011)
Microbially Mediated Degradation of Common Pharmaceuticals and Personal Care Products in Soil Under Aerobic and Reduced Oxygen Conditions. Water Air Soil Poll 216, 633-642.
[18] Stumpe B. and Marschner B. (2009) Factors controlling the
biodegradation of 17 beta-estradiol, estrone and 17 alphaethinylestradiol in different natural soils. Chemosphere 74,
556-562.

Received: February 11, 2014
Revised: April 28, 2014; May 26, 2014
Accepted: May 26, 2014

[19] Ying G.G., Toze S., Hanna J., Yu X.Y., Dillon P. and Kookan R.S. (2008) Decay of endocrine-disrupting chemicals in
aerobic and anoxic groundwater. Water Res 42, 1133-1141.

CORRESPONDING AUTHORS

[20] Li J.Z., Jiang L., Liu X. and Lv J.C. (2013) Adsorption and
aerobic biodegradation of four selected endocrine disrupting
chemicals in soil-water system. Int Biodeter Biodegr 76, 3-7.
[21] Ternes T.A., Kreckel P. and Mueller J. (1999) Behaviour and
occurrence of estrogens in municipal sewage treatment plants
- II. Aerobic batch experiments with activated sludge. Sci Total Environ 225, 91-99.
[22] Xu N., Johnson A.C., Jurgens M.D., Llewellyn N.R.,
Hankins N.P. and Darton R.C. (2009) Estrogen Concentration Affects Its Biodegradation Rate in Activated Sludge.
Environ Toxicol Chem 28, 2263-2270.
[23] Chen X. and Hu J.Y. (2009) Degradation of 17 beta-estradiol
and its conjugates: Effects of initial concentration and MLSS
concentration. Process Biochem 44, 1330-1334.

2449

Yujie Feng and Zhaohan Zhang
State Key Laboratory of Urban Water Resource and
Environment
Harbin Institute of Technology
No73, Huanghe Road, Nangang District
Harbin 150090
P.R. CHINA
Phone: +86 451-86283068
Fax: +86 451-86287017
E-mail: yujief@hit.edu.cn, hitzzh@hit.edu.cn
FEB/ Vol 23/ No 10/ 2014 – pages 2440 – 2449

© by PSP Volume 23 – No 10. 2014

Fresenius Environmental Bulletin

APPLICATION OF ARTIFICIAL NEURAL NETWORKS
AND REGRESSION MODELS IN THE PREDICTION OF
DAILY MAXIMUM PM10 CONCENTRATION IN DÜZCE, TUKEY
Fatih Taşpınar* and Zehra Bozkurt
Environmental Engineering Department, The University of Düzce, Konuralp, Düzce, Turkey

ABSTRACT
Increasing levels of atmospheric particulate matter
are known to adversely affect human health. Therefore,
air quality predictions may provide important information
in order to take actions for the public before the pollution
happens. In this study, we presented artificial neural network (ANN), stepwise regression (SR) and multiple linear
regression (MLR) models to forecast maximum daily
PM10 concentrations one day ahead in Düzce, Turkey.
Particularly, a special emphasis was put on the prediction
of particulate levels during winter episodes. Inputs to the
models include lagged values of maximum, minimum and
standard deviations of PM10 concentrations, and some
meteorological factors, which are all on daily basis. The
output is the expected maximum concentration of PM10 in
µg.m-3 for the following day. The data sets used in training and testing stages covered the daily averaged values
of these variables for the period of 2011-2013. The results
showed that selected inputs based on stepwise regression
approach and use of cascading-training in multi-layer
perceptron ANN (ANN-MLP) appeared to be promising
with R2 up to 0.69 and index-of-agreement up to 0.79. It
is concluded that local monitoring systems associated
with ANN model predictions may be a sound way to
develop embedded online systems for public health.

KEYWORDS: Particulate matter, forecasting, artificial neural
networks, stepwise regression, multiple regression.

1. INTRODUCTION
Particulate matter (PM) is a mixture of organic and
inorganic particles which are solid and liquid phase
spreading out from variable sources [1, 2]. Particularly,
the particles with an aerodynamic diameter less than or
equal to 10 µm, namely PM10, arise in the atmosphere from
* Corresponding author

natural sources and anthropogenic activities, such as the
combustion of fossil fuels with the process of nucleation
and condensation [3-6]. Thus, the highest PM10 concentrations are recorded under stable meteorological conditions coupled with thermal inversion in urban and industrial areas [7, 8]. Epidemiological studies showed a close
relationship between outdoor particulate matter concentration and increased mortality and morbidity [9-11]. Furthermore, elevated levels of these species can be harmful
for goods, and may decrease visibility in built environments. Therefore, many air quality standards are set for
PM10 through hourly, daily and annual limits. According to
EU standards for PM10, the annual average limit value of
40 µg.m-3 and 24-h limit value is determined as 50 µg.m-3,
and also the limit values should not be exceeded by the
specified number of times in a year [12].
High concentrations of air pollutants in ambient air
may cause acute or chronic health effects, and even cause
premature deaths in the elderly people and people with
asthma; thus, the air quality forecasting studies became an
important research topic for public health. A wide range
of operational alert systems have been developed utilizing
statistical and hybrid models, to take precautions before
and during air pollution episodes. In this context, forecasting models have been used as an aid for air quality
management in different parts of the world. In air quality
forecasting researches, artificial neural networks (ANNs),
multiple linear regression (MLR) and stepwise regression
(SWR) models are mostly preferred approaches [13-15].
The use of ANN models with the development of computer sciences have extended the abilities of local pollution modelling frameworks in environmental problems
including air pollution. The structure of ANNs consists of
interrelated connections of artificial processing units,
namely neurons, and they process information by error
minimization within a finite computation loop. ANNs can
be trained to learn a complex relationship between two or
more variables or data sets. Among the available ANNs,
the feedforward back-propagation neural network is the
most employed ANN type, of which inputs has a nonlinear function and consisted of the functions of its neurons. By this means, they have been used in many suc-

2450

© by PSP Volume 23 – No 10. 2014

Fresenius Environmental Bulletin

cessful studies in local air pollution modelling for forecasting pollutants O3, SO2, CO and PM10.
One main concern for PM10 is to predict daily maximum concentrations on the following day which can be
vital for human health as commuters can plan their route
or postpone when extreme levels of PM10 are expected.
Numerous studies in the literature show that there are
promising developments for estimating ambient PM10
levels. Some of the modelling studies to estimate the
PM10 levels using ANN models were conducted in Athens, Chile, twenty-six EU countries, Spain, Malaysia,
China and Turkey [2, 7, 8, 16-19]. There have been few
attempts to forecast short-term PM10 levels for hourly,
daily, or even annually periods by utilizing prior data
from meteorological factors and air pollutant concentrations as model inputs. Sfetsos and Vlachogiannsis [2]
developed a methodology to predict PM10 in Athens,
Greece by using linear regression (LR) and the feedforward ANN models. The five-year concentration and
meteorological data for Athens were used. Perez [6] presented a PM10 forecast model which is applied for the
management of air quality in Santiago, Chile. The author
presented a model combining ANN and nearest neighbour
clustering methods. The inputs to models included measured concentrations and meteorological data in the region
spread to different parts of the city in various monitoring
stations. The outcomes are expected maximum concentration values for the next day at the same station. It was
shown that a combined neural network-nearest neighbour
model can be better than a single neural network in the
prediction of daily average PM10 levels [17]. Antanasijevic et al. [18] estimated PM10 emissions utilizing genetic algorithms in input variable selection and general
regression neural networks (GRNN) for modelling. The
model, estimating annual average PM10 levels, has been
verified and applied for the data from 26 EU countries for
the years 1999-2006. According to the study, the ANN
model showed very good performance for forecasting
annual average PM10 emission up to two years. The mean
absolute error for two-year PM10 emission prediction was
only 10%, which is more than three times better than the
predictions obtained from the conventional multi-linear
regression and principal component regression models
that were trained and tested using the same data sets and
input variables [18]. Gennaro et al. [7] used a MLP-ANN
model for the prediction of daily average PM10 concentrations in two different places in the western Mediterranean.
In the study, to predict 24-h average PM10 concentrations,
hourly PM concentrations 1-day in advance, meteorological data, such as wind speed, wind direction, rain, solar
radiation, temperature, relative humidity and air-mass
interpretation, were used. Forecasting performance measures were good for both sites according to R2 values ranging between 0.73-0.81 [7].
In order to reduce the number of input variables to the
models, principal component analysis (PCA) can be used,
which produces the principal components best explaining

the total variance. Ul-Saufie et al. [8] presented the results
of daily PM10 forecasting models obtained from Principle
Component Regression (PCR), PCA with multiple regression (PCA-MLR) and PCA with feed-forward artificial
neural networks (PCA-ANN), comparatively. In PCA,
only the components with an eigenvalue greater than 1.0
were considered as principal components among seven
components obtained, so three PCs were used in the models. The PCA-ANN was the best model to predict the next
day PM10 whereas the PCA–MLR model produced the
best result to predict next two-day and next three-day
concentrations [8]. Chen et al. [16] established a PM10
concentration forecasting model in Eastern China using
data from the years 2005-2009. The models consist of a
single stepwise regression forecasting model and a combined model based on wavelet decomposition and stepwise regression. The models included AOD (aerosol optical depth), PM10 and meteorological factors. Six individual forecasting results were obtained with combined
model that can predict PM10 concentrations at multiple
scales. Based on the regional scale, seven sets of PM10
concentration predictions were obtained by the regional
model. It is concluded that the ensemble and enhanced
forecasting model had a significant improvement in accuracy rate and the highest precision of PM10 concentration.
[16]. Kurt et al. [19] developed a PM10 forecasting model
up to three days using a geographic forecasting model
with neural networks (GFM-NN) for Istanbul, Turkey.
The predictor variables were air pollutant data from 10
different air quality monitoring stations and daily meteorological forecasts in Istanbul. Daily average concentrations of sulfur dioxide (SO2), carbon monoxide (CO) and
PM10 levels for three days in advance were predicted
using city-based ANN models for several districts [19].
All the ANN models given in these studies included
mainly raw numerical data as recorded after some preprocessing steps. However, the use of explanatory statistics, such as daily standard deviation, maximum and
minimum levels through hourly data, was not attempted
for estimating daily maximum PM10 concentration in
local modelling. In addition, selecting inputs to the ANN
models by means of stepwise regression method may
result in better-fitted models with least input variables,
comparing the results of models, namely all-variable and
reduced-variable models. Also, it is seen that trial-anderror approach is used to determine hidden layer neuron
number in ANN models that should be tackled properly to
avoid learning problems, such as over-learning or underlearning. In this case, the use of cascading-learning
method which progressively determines the neuron number in hidden layer in learning stage can produce better
models in forecasting studies.
Düzce is one of developing cities of Turkey where rural and urban features are combined together in its regional disposition. In the city, residential heating is
mostly provided by natural gas based heating systems and
stoves as well. The use of fossil and biomass fuels in
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residential sector is in decrease, since natural gas transmission and distribution system was made operational in
the year 2007. Nevertheless, extended use of fossil and
biomass fuels for space heating beside natural gas is the
main reason of local PM10 air pollution as well as trafficrelated particulate pollution in the province. Therefore,
the city has been suffering from elevated PM10 levels,
particularly during cold months due to stable atmospheric
conditions and mountainous topography. Despite this, the
cities characterized by semi-urban features in Turkey like
Düzce have not been sufficiently examined in terms of air
quality forecasting models whereas an extra effort has
been paid for the bigger cities in Turkey, such as Izmir,
Ankara and Istanbul [19-23]. In the present study, PM10
air pollution forecasting models for one day ahead prediction of daily maximum concentration using ANN, stepwise regression and multiple linear regression based models were developed for Düzce based on data for the period
of 2011-2013. Topologies of all ANN models in terms of
hidden layer neurons were determined by cascadinglearning method utilizing cascading training procedure
provided in FANN library [24]. At the same time, enhanced ANN models of which inputs selected by stepwise
regression models were developed to obtain a best-fitted
model but reduced inputs, comparing the results of the
models developed.

2. MATERIALS AND METHODS
2.1. Study area

Düzce province is located in north-western Turkey
and is the eighty-first and the most recently created province of Turkey (Fig. 1). It is generally characterized by
hilly to mountainous topography which covers about 85%
of the province. Although the area is extensive, it has a
relatively small population of about 346,500 according to
the 2012 census. The summers are hot and the winters are
cold in the region. The prevailing wind flow to the central
district of Düzce is blocked by the rough and hilly geography, resulting in exposure to elevated levels of air pollutants. Under very stable atmospheric conditions, thermal inversion leads to intensify local air pollution with
possible adverse effects on public health, such as respiratory diseases. PM10 concentrations at ground level are
dominated by mainly residential heating as combustion
products, non-combustion and suspension emissions
originating from dense vehicular traffic. Hence, the air
pollution episodes are mainly associated with the smog
caused by the use of fossil fuels for heating during cold
months and amplified by the thermal inversion in the
area.

FIGURE 1 - Location map of Düzce province in Turkey.
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2.2 Local air pollution and explanatory statistics

A daily data set through 24-h observations recorded
for Düzce was composed containing information about local
meteorological parameters and PM10 concentrations for
2011-2013 period. The meteorological data were obtained
from General Directorate of Meteorological Affairs of
Turkey. The PM10 concentrations were taken from the Ministry of Environment and Urban Planning, using the online
web service of the National Air Quality Monitoring Network of Turkey [25]. The variables in the data set through
hourly observations consisted of all daily maximums, aver-

ages and standard deviations of temperature (MAX_TEMP,
AVG_ TEMP, SD_ TEMP, °C), wind speed (MAX_WS,
AVG_WS, SD_WS, m/s), wind direction (MAX_WD,
AVG_WD, SD_WD, degree), relative humidity (MAX_RH,
AVG_RH, SD_RH, %), and the concentration level of
PM10 (MAX_PM10, AVG_PM10, SD_PM10, µg/m3).
The descriptive statistics of variables were summarized
in Table 1, and temporal variations of the daily maximum
PM10 and temperature levels were illustrated in Fig. 2 for
the study period. Due to residential heating with fossil
fuels besides natural gas, the peak levels of PM10 concen-

TABLE 1 - Descriptive statistics of a 3-year data set (2011-2013) used for the investigation.
Variables
MAX_PM10 (µg.m-3)
AVG_PM10 (µg.m-3)
SD_PM10 (µg.m-3)
MAX_TEMP (0C)
AVG_TEMP (0C)
SD_TEMP (0C)
MAX_WS (m.s-1)
AVG_WS (m.s-1)
SD_WS (m.s-1)
MAX_RH (%)
AVG_RH (%)
SD_RH (%)

Range
919.00
573.20
238.00
57.00
44.77
9.95
4.10
2.37
1.29
61.68
60.00
29.52

Minimum
0.00
0.00
0.00
-15.00
-13.73
0.00
0.00
0.00
0.00
77.72
72.35
16.63

Maximum
919.00
573.20
238.00
42.00
31.04
9.95
4.10
2.37
1.29
139.40
132.35
46.15

Mean
181.83
86.79
41.60
20.46
13.76
4.83
1.80
0.83
0.44
85.13
78.19
17.15

Std. Dev.
159.58
73.33
41.20
11.76
9.27
2.18
0.73
0.28
0.27
39.76
77.47
12.14

MAX_PM10(L)
AVG_PM10(L)
MAX_TEMP(R)
AVG_TEMP(R)
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FIGURE 2 - Temporal variations in daily maximum PM10 levels against daily maximum temperature in the period of 2011-2013
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trations can be observed in winter seasons corresponding to
seasonal changes in temperature patterns. Long-term averages of daily maximum concentration levels with standard
deviations of PM10 and air temperature were 181.83±
159.58 µg/m3 and 42±11.76 °C, respectively. Parallel to
increasing use of natural gas in heating seasons since 2007,
PM10 levels showed a declining trend as shown in Fig. 2.
Recorded daily maximum PM10 concentration with the
day within the period of 2011-2013 were 919 (04.12.2011),
797 (06.02.2012) and 877 (25.12.2013) µg/m3, respectively.
Annual averages of PM10 levels for the study period were
202.28±172.23, 186.18±150.76 and 155.80± 149.80 µg/m3,
respectively. Ultimately, PM10 is the major pollutant species for the region as to average concentration levels.
2.3. ANN methodology

ANNs are flexible and non-parametric modelling
tools which can perform any complex function mapping
with arbitrarily desired accuracy. The most common
ANNs used in air quality modelling are Multi-Layer Perception (MLP-ANN) networks. They consist of a number
of processing units known as neurons in several layers,
and a large number of interconnections between neurons
in different layers [26-28], which are interconnected
through weights (wi, yi). The neurons place in three different layer types: the input, the output, and one or more
hidden layers. Generally, the neural networks are constructed with three layers; input, hidden and output layers,
as shown in Fig. 3. The input signal is directed from the
input layer after processing towards the output layer. Each
neuron in the hidden and output layer is activated by a

non-linear function, namely, activation function that relies
on a weighted sum of its inputs and a neuron-specific
parameter, called bias (b). The response of a neuron in the
output layer as a function of its inputs is given by Equation (1), where the function f can be sigmoid, linear or
threshold activation function [27, 28].



l



m



j =1










yi = f  ∑ wiq . f  ∑ (vqj xi + b j )  + bq 
 q =1


(1)

The internal parameters of ANNs, namely, hidden
neuron count, learning rate, momentum term and transfer
functions, to obtain the best network structure that yields
better predictions, are to be appropriately selected. It is a
common way to obtain an optimum ANN topology by
tuning these parameters within many trials as in trial-anderror method. Many authors have used different approaches in tuning the parameters of ANN models [2933], which requires mostly extra knowledge and timeconsuming steps.
In the present study, an open source library, Fast Artificial Neural Network (FANN) implemented by Nissen
(2003) [24], was utilized as ANN tool to predict daily
maximum PM10 levels one day ahead with lagged input
vectors. This library offers an automated training method,
so-called cascading-training procedure. After the training
with this procedure, the final neural network consists of a
number of hidden layers with one shortcut connected
neuron in each.

FIGURE 3 -The architecture of three layer feed forward artificial neural network model.
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2.4. Regression models

where, n is total number of annual measurements, Pi

Regression is a statistical tool and one of the most frequently applied techniques for the investigation of relationships among variables. It is valuable for quantifying the
impact of various simultaneous influences upon a single
dependent variable [8]. In addition, in order to investigate
the predominant factors affecting PM10 levels considering
meteorological factors, empirical models were also developed incorporating the SWR method. In this method, the
best-fitted combination of independent variables for the
prediction of a dependent variable can be selected with
forward-adding and backward deleting variables [16].
As a part of the study, we used MLR and SWR techniques to develop linear models in which PM10 was the
dependent variable whereas all daily lagged-PM10 and
meteorological variables were explanatory variables. Linear regression models, in this case, are considered as base
models for comparison with the other tuned models.
2.5. Model performance measures

In order to test model accuracy and to select the best
model parameters, several statistical descriptors were calculated as performance indicators. These performance measures included Index-of-Agreement (IA) showing the overall
accuracy of the model, Fractional Mean Bias (FMB)
measuring tendency of the model to over predict or under
predict, Root Mean Square Error (RMSE) showing the
overall accuracy of the model, and coefficient of determination (R2) indicating how well the model results fit to
observed data points [27, 34]. IA values closer to 1.0 indicate the better agreement with the selected model. FMB is
non-linear and bound by ±2, which has an ideal value of
zero for an ideal model. The smaller values of RMSE denote the better model performance. R2 values close to 1.0
indicate the greater explained variance. Equations of these
measures are given in Equations (2-5) as follows:
2
n
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 n
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is predicted values, Oi is observed values, P is mean of
the predicted values, Ō is mean of the observed values, σP
is standard deviation of the predicted values, and σO is
standard deviation of the observed values.
3. RESULTS AND DISCUSSION
In order to predict daily maximum PM10 level one
day ahead using, ANN and regression models were used
based on PM10 concentrations and meteorological parameters of the day before. The data set covers the data with
missing values for the period of 2011-2013. Therefore,
some pre-processing operations were applied, such as
excluding rows with any missing data preserving time
index, and min-max normalization to obtain normalized
inputs in the range of 0.05-0.95. Then, in order to link
current MAX_PM10 data to prior observations of its own
and meteorological factors, all the inputs were lagged
three times by back-shifting. So, the final data set included filled rows covering the data recorded at three
days before. The three-day lagged data set was divided
into training (70%), validation (10%), and test sets (20%)
to operate within the ANN models (Fig. 5).
3.1. Designing of ANN models using lagged input vectors

The ANN model parameters were set considering
cascading-training technique of the FANN library to
automatize the selection of hidden layer neuron count.
Feed forward back propagation type ANN and sigmoid
function as transfer functions of input layer and hidden
layer were then employed for the training of networks.
Maximum number of epochs was set to 1000, applying an
early stopping criterion to avoid over fitting setting the
validation process at every 10 epochs. A starting learning
rate of 0.5 was gradually decreased by 1% at every epoch
during the cascading-training procedure. The ANN topologies in the form of input-hidden-output layer neuron
counts along with input vectors are given in Table 2.
Here, the ANN models constructed were named as ANNlag number. For the lags 1 to 3, the models ANN-1,
ANN-2 and ANN-3 were constructed in the form of
12-10-1, 24-16-1 and 36-23-1 at the end of the cascadingtraining stage, respectively. The learning rates for these
ANN models obtained at minimum RMSE during training
were 0.016 (RMSE: 0.306 µg.m-3), 0.038 (RMSE: 0.412
µg.m-3) and 0.079 (RMSE: 0.579 µg.m-3), respectively.
It can be noticed that hidden neuron counts increased
as larger sized input vectors fed to ANN models, which
may be a handicap in this case in terms of increasing
complexity and reducing handling of the models. Hence,
in the light of the results of SWR models, the smaller
number of inputs which were statistically the most relevant ones to MAX_PM10t obtained from SWR models,
can be used in ANN models. Therefore, in addition to
these ANN models, either to feed the ANN models with
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the most relevant inputs from the lagged set or to reduce
the complexity of ANN structures using lesser inputs, we
also developed three SWR supported ANN-MLP models.
These ANN models, developed each for the daily lags 1
to 3, namely, ANN-SW-1 to ANN-SW-3, used the variables already selected in the SWR models given in Section 3.2. All these models were trained in a similar way to
base ANN models aforementioned and tested as well. Obtained learning rates for these ANN-SWR models at
minimum RMSE during cascading-training were 0.012
(RMSE: 0.271 µg.m-3), 0.027 (RMSE: 0.295 µg.m-3) and
0.035 (RMSE: 0.378 µg.m-3), respectively.
3.2. Building regression based models: MLR and SWR

Multiple linear regression and stepwise regression
models involving in the terms from the lags 1 to 3,
namely, MLR-1 to MLR-3 and SWR-1 to SWR-3, respectively, were examined to predict MAX_PM10t one day
ahead. In the MLR models, all the variables were used in
the regression equations with a constant. These linear
regression models developed up to three lags including
the variables from input vectors given in Table 2.
SWR models are constructed by iteratively adding
and removing the terms from a multi-linear model based
on their statistical significance within a regression by
using standard statistical packages. An indication of predictive importance of various inputs can be observed from
the results obtained from SWR method. The method selects the following significant inputs (p<0.05) for the lags
1 to 3 to obtain regression equations for dependent
variable MAX_PM10t:

Independents from lag 1 for SWR-1 model:
MAX_PM10t-1, SD_PM10t-1, MAX_WSt-1, MAX_TEMPt-1
and AVG_TEMPt-1,
Independents from the first two lags for SWR-2
model: MAX_PM10t-1, SD_PM10t-1, MAX_PM10t-2,
MAX_WSt-1, MAX_TEMPt-1, and AVG_TEMPt-2,
Independents from the first three lags for SWR-3
model: MAX_PM10t-1, AVG_PM10t-1, MAX_PM10t-2,
SD_PM10t-1, MAX_WSt-1, MAX_TEMPt-1, MAX_TEMPt-3
and SD_TEMPt-1.
3.3. The comparison of applied models based on performance indices

In order to conduct an insightful evaluation and comparison of the proposed models, statistical performance
measures were calculated for ANN and regression-based
models, and presented in Table 3 and Table 4, respectively. Statistical performance measures given herein
revealed that the selected inputs appeared to have a significant contribution to estimate maximum PM10 level one
day in advance. The overall agreement denoted by IA
between modelled and observed values varied in the range
of 0.57-0.79, and R2 values ranged between 0.57-0.69.
The best agreement of 0.79 with R2 of 0.69 achieved with
the model ANN-SW-1 of which inputs were the same as
in SWR-1 model, whereas the best IA and R2 value of
SWR-1 model were 0.66 and 0.56, respectively. The equation of SWR-1 model of which coefficients were significant at p<0.05, was given in Equation (6) as follows:
SWR − 1MAX _ PM 10 t = 179.233 + 1.227 * MAX _ PM 10t −1 + 0.506 * SD _ PM 10t −1
−35.782 * MAX _ WSt −1 + 3.355 * MAX _ TEMPt −1
−6.703* AVG _ TEMPt −1

(6)

TABLE 2 - Lagged input vectors and ANN topologies used for predicting maximum PM10 level.

ANN
Model

ANN-1

ANN-2

ANN-3

Input Vectors from lag(s)

 MAX _ PM 10, AVG _ PM 10, SD _ PM 10,
 MAX _ TEMP , AVG _ TEMP , SD _ TEMP ,


 MAX _ WS , AVG _ WS , SD _ WS ,
 MAX _ RH , AVG _ RH , SD _ RH
 MAX _ PM 10, AVG _ PM 10, SD _ PM 10,
 MAX _ TEMP, AVG _ TEMP, SD _ TEMP,


 MAX _ WS , AVG _ WS , SD _ WS ,
 MAX _ RH , AVG _ RH , SD _ RH






t −1





t −1to t −2

 MAX _ PM 10, AVG _ PM 10, SD _ PM 10,
 MAX _ TEMP, AVG _ TEMP, SD _ TEMP,


 MAX _ WS , AVG _ WS , SD _ WS ,
 MAX _ RH , AVG _ RH , SD _ RH






t −1 to t −3
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Output

Lag(s)

ANN Topology

MAX_PM10t

1

12-10-1

MAX_PM10t

1..2

24-16-1

MAX_PM10t

1..3

36-23-1
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TABLE 3 - Performance statistics for ANN models (RMSE, µg.m-3).

Model (Learning Rate)
ANN-1 (0.016)
ANN-2 (0.038)
ANN-3 (0.079)
ANN-SW-1 (0.012)
ANN-SW-2 (0.027)
ANN-SW-3 (0.035)

RMSE
0.306
0.412
0.579
0.271
0.295
0.378

IA
0.77
0.65
0.63
0.79
0.75
0.71

Training Set
FMB
0.02
-0.03
0.15
0.06
-0.09
0.08

R2
0.68
0.64
0.58
0.69
0.67
0.64

RMSE
0.365
0.437
0.609
0.288
0.311
0.389

IA
0.74
0.63
0.58
0.76
0.73
0.68

Validating Set
FMB
R2
0.04
0.69
0.05
0.67
0.14
0.64
0.05
0.69
-0.12 0.68
0.06
0.64

RMSE
0.385
0.460
0.621
0.307
0.332
0.394

IA
0.73
0.62
0.57
0.75
0.71
0.67

Testing Set
FMB
0.02
-0.04
0.18
-0.09
0.10
0.11

R2
0.66
0.61
0.54
0.67
0.65
0.62

TABLE 4 - Performance statistics for regression based models.

Model (Variable count)
MLR-1 (12)
MLR-2 (24)
MLR-3 (36)
SWR-1 (5)
SWR-2 (6)
SWR-3 (8)

RMSE (µg.m-3)
0.476
0.538
0.788
0.403
0.424
0.418

The addition of the lagged terms of variables from the
first two lags into these models had a measurable positive
effect in terms of obtaining smaller RMSE values. But the
performance indices of ANN models which covered the
terms from the first two lags, and the inputs selected by
SWR models indicated that the terms from the lag 3 did
not affect the actual MAX_PM10 on day t.
The ANN models with the lower learning rates,
ANN-1 and ANN-SW-1 among the others, produced the
better testing RMSE (0.385 and 0.307 µg.m-3) and R2
(0.66 and 0.67) values. Generally, the values of RMSE
were smaller for the ANN models than of those obtained
from MLR and SWR models. It was found that the most
representative model was ANN-SW-1 with IA of 0.79,
FMB of 0.06 and R2 of 0.69. The challenging models
ANN-1 and ANN-SW-1 yielded also the best FMB values

IA
0.62
0.58
0.52
0.66
0.64
0.61

FMB
0.32
-0.41
0.75
0.26
-0.39
0.32

R2
0.54
0.51
0.49
0.56
0.53
0.51

of 0.02 and 0.06, respectively, whereas absolute FMB
values of regression models were generally bigger than
0.30, except SWR-1 model. FMB values obtained with
the ANN models varied around the zero which were better, in any case, than those obtained from the regression
models. Hence, the regression models showed a tendency
towards over-predicting or under-predicting the daily
maximum PM10 levels.
SWR-supported ANN models that were constructed
with smaller number of input variables compared to regular ANNs generally outperform among the others. We
noticed that the hidden neuron counts obtained by automatized cascading-training were reasonably appropriate
to capture latent non-linear relations in the data set. It may
thus be an alternative way to determine the right number
of hidden units in the middle layer of ANNs.

FIGURE 4 - Scatter plot of maximum daily PM10 concentrations predicted by ANN-SW-1 model in comparison with the observations.
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FIGURE 5 - Time series comparison of daily maximum PM10 levels over actual data and ANN-SW-1 model results obtained from the training and testing stages.

The scatter plot with the linear regression line of
training and testing results of ANN-SW-1 model are plotted in Fig. 4. The data points are nearly equally distributed around the regression line which indicates the fluctuations of daily PM10 levels. In order to compare the
daily maximum PM10 levels observed and predicted by
ANN-SW-1 model, time series plots of actual, training
and testing data were visualized in Fig. 5, and 15 point
moving average curves for training and testing set were
superimposed. The plots of ANN-SW-1 model output
appeared that daily PM10 patterns were satisfactorily followed by the model considering peaks and valleys of
moving average curve as well as statistical predictors.
4. CONCLUSION
We have encountered elevated PM10 levels, at least
six months, in Düzce more than the limits reported in the
national and international regulations, particularly during
cold months. Also, long-term statistical analysis showed
that the number of exceedances was generally more than
the regulated number of exceedances. High fluctuations of
seasonal PM10 levels observed in Düzce thus addressed
that the researches for air quality predictions are required.
With the modelling studies on this subject, it is possible to
predict PM10 levels considering the preventive actions
before the exceedances during pollution episodes for
public health.
The main aim of this study was to predict daily
maximum PM10 concentration one day in advance by
developing comparative models based on regression and
ANN models. All the variables in the data set were lagged
up to three days to cover prior data as daily based time

series. In many studies published in the literature, the
inputs of the models included also the values from the
same time index of the independent variable of the model,
namely, the output. Therefore, the performance indices
outperform among the other models published. In this
case, we did not use any data with same time index of
output variable, namely PM10 to obtain more realistic and
logically correct models. Nevertheless, the results showed
that the determined variables as the inputs of neural network models were rather satisfactory in the prediction of
daily PM10 level one day ahead. ANN models successfully
trained by an automatized cascading-training method and
covered the terms from the first two lags. The inputs selected by SWR models indicated that the terms from the
third lag did not affect the actual daily maximum PM10.
It is concluded that ANN models constructed with reduced inputs based on step-wise regression model and use
of cascading-training yielded the better performance indices and model agreements. In addition, use of the more
data from different locations in the city may increase the
reliability and comparability of the MLP-ANN models.
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PERFORMANCE EVALUATION OF
COMMON HOUSEHOLD WATER FILTERS IN CHINA
Xunchao Li, Cong Li*, Yulong Yang and Xinwei Mao
College of Civil Engineering and Architecture, Zhejiang University, Hangzhou 310027, China

ABSTRACT
The health risks from unsafe municipal water have
greatly accelerated the development of household water
filter in China. However, little has been done about the
performance evaluation of different kinds of filters. In this
study, ten household water filters in single or integrated
form were investigated. These filters were equipped with
six commercial filter elements based on: reverse osmosis
(RO) membrane from three companies; ultrafiltration (UF)
membrane, activated carbon (AC) and microfiltration (MF)
membrane from one company. Seven common water parameters including pH, dissolved oxygen (DO), turbidity,
hardness, conductivity, total organic carbon (TOC) and
trihalomethanes (THMs) were analyzed. The performance
of filters was studied when the volume of treated water via
each filter reached approximately 1000 L. Results showed
that the removal efficiency of filters equipped with RO
membrane element were all found to adequately reduce
turbidity, conductivity, hardness, TOC and THMs in tap
water in Hangzhou City in China, while the filters equipped
with UF membrane element can only reduce turbidity, and
the filter equipped with AC and MF membrane elements
cannot effectively reduce turbidity, conductivity, hardness,
TOC and THMs. Therefore, consumers should with caution
select the filters equipped with UF membrane, AC and MF
membrane elements in the drinking water treatment.
KEYWORDS: household water filters; drinking water; water quality; trihalomethanes

1. INTRODUCTION
Given the incomplete and unpersuasive figures released by some regulatory agencies and numerous water
pollution events burst in recent years all over China [1-3],
consumers increasingly worry about the quality of tap
water and its public health risks. On the contrary, the convincing supports for the concern of consumers offered by
many researchers are manifold [4]. Instability of raw water
quality [5], effects of corrosive iron pipes [6] and contami* Corresponding author

nated water containers [7] and many other accessories all
can make a great contribution to secondary water pollution,
thus generating many water quality problems of municipal
tap water [8].
In addition, the occurrence of disinfection byproducts
(DBPs) has drawn much attention as well. As the typical
halogenated DBPs, trihalomethanes (THMs; i.e., chloroform,
bromodichloromethane, dibromochloromethane and bromoform) have been commonly considered as carcinogenic
chemicals and already regulated with the maximum concentration of 0.06, 0.06, 0.1 and 0.1 mg/L respectively in
the Drinking Water Standard in China [9]. The maximum
concentration of total trihalomethanes (TTHMs), the sum
of the concentrations of above four chemicals, is 1 mg/L
according to the Drinking Water Standard in China [9].
To ensure the safety of drinking water, household water treatment systems have been shown to be effective for
the point-of-use water treatment from municipal distribution systems [10-14]. The household water treatment industry has a bright future in China: a market growth always
maintaining at 20%-30% from 2009 to 2012 while the
whole market share of urban China is less than 5% [15,
16]. Many types of household water treatment systems
have been already developed. Such systems are commonly designed with several effective treatment processes
including secondary chlorination, ultraviolet (UV) irradiation, adsorption through activated carbon (AC) and membrane filtration [7]. However, one of most widely used
house-hold treatment systems in urban China are those
combined AC and membranes. According to some surveys
in China [14-16], filter equipped with reverse osmosis (RO)
membrane accounts for about 38% of the national market
followed by filter equipped with hollow fiber ultrafiltration
(UF) membrane with a market share of 18%.
Currently, household water filter, which is comprised
of easy-replacing filter element matched with standard filter,
is widely developed and commercially available. Consequently, filter elements made of reverse osmosis (RO), ultrafiltration (UF) or microfiltration (MF) membrane modules
and AC have been of great concern and widely promoted.
Due to the deficiency of single filter, some integrated filters
containing such elements have been introduced into the
markets and are even supposed to perform more effectively [11].
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However, the lack of uniform national standard and
effective supervision for household water filters results in
dramatically difference in the quality of the filters manufactured by different companies [17]. Some products substandard or beyond shelf-life will also result in the leakage
of contaminants or slowly release some removed sediments, thus deteriorating the quality of municipal tap
water more seriously. Moreover, it is impossible for general consumers to make knowledgeable decisions about
the protection level that those water filters may offer [18].
Hence, it is necessary to evaluate the performance and
sustainability of various typical filters. The treatment process combining ultrafiltration with powdered activated carbon (PAC) was studied by Bi et al. [19] and the results
showed that when PAC level was 80 mg/L chemical oxygen demand and organic removal efficiency with such
process can rise up to 64.5% and 61.8%, respectively.
And the performance of granular activated carbon (GAC)
to remove three typical s-triazine herbicides was also
studied, the results showed that the physical and chemical
adsorptions of s-triazine herbicides on GAC followed the
order: Prometryn > Atrazine > Simazine [20].
In this study, ten household water filters in single or integrated form were tested to evaluate their performance for
municipal tap water treatment. Three of them are filters
equipped with three replaceable RO membrane filter
elements from three different companies, and the other
seven filters are equipped with MF membrane and UF
membrane and AC filter elements in seven different combination forms for better comparison. The municipal tap
water samples were analyzed according to seven water
quality parameters. The performance of filter was investigated by the removal rate of seven contaminants. The aim
of this study was to provide scientific proof to consumers
who want to purchase household water filters for drinking
water treatment, and some regulatory agencies responsible to the standard of water filters.

2. MATERIALS AND METHODS
2.1. Filter elements

Six commercial filter elements were selected for experiments. Selection of such filter elements was based on
the condition that the selected product should be widely
used in China and affordable by a large portion of households. Three RO membrane filter elements (Brand A, B, C)
were obtained from an American company, a Korean company and a Chinese company, respectively. Other three elements, comprised of UF membrane, CTO and MF membrane respectively, are all produced by a Chinese company.
The parameters of the filters are all listed in Table 1.
It is seen from Table 1 that these elements were all
purchased from regular store and in good conditions. The
shelf-life of each element is obtained from the product
manual in the manufacturer’s websites.
2.2. Labeling of ten filters

All the filter elements were installed into respective
filter housings to assemble ten water filters, which can be
easily operated (disassembling and combination) and maintained. The filter identification and their content of elements are shown in Table 2.
It is seen from Table 2 that filters equipped with three
RO membranes do not include pre- and post-treatment
units (namely, intermediate sampling).
2.3 Analytical methods

Water samples were collected from the municipal
taps on the Zijingang campus of Zhejiang University, East
China. All the filters were driven by the initial pressure of
tap water from water distribution systems and worked without an electricity supply. And the flow rate was limited in
the level of approximately 0.2 L/min by the control of values. After 30 minutes of pre-operation periodically, filtrate

TABLE 1 - The parameters of six filter elements

Element ID

Filter elements

Model

E1
MF membrane
LPP-PP-10
E2
CTO
LPP-CTO-10
E3
UF membrane
LPC-UF-10
E4
RO membrane (Brand A)
TW30-1812-50
E5
RO membrane (Brand B)
RE1812-50
E6
RO membrane (Brand C)
ULP1812-50
Note: above six filter elements are of the same length (10 inches).
TFC: Thin-Film Composite

Material

Structure

shelf-life (months)

polypropylene fiber(PPF)
compressed activated carbon
Polyvinylidene Fluoride (PVDF)
Polyamide TFC
Polyamide TFC
Polyamide TFC

cartridge
cartridge
hollow fiber
spiral-wound
spiral-wound
spiral-wound

3-6
12-18
12-24
36
none
24-36

TABLE 2 - Filter identification and content of elements

Filter ID

Filter
I

Filter
II

Filter
III

Filter
IV

Filter
V

Content of
E1
E2
E3
E1+E2
E2+E3
Elements
Note: the integrated sequence of multi-stage filters is from left to right.
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Filter
VI

Filter
VII

Filter
VIII

Filter
IX

Filter
X

E1+E3

E1+E2+E3

E4

E5

E6
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9
8
7
6
5
pH

samples were obtained at the time when the volume of
treated water through each filter reached approximately
1000 L rather than at the initial moment. The water used
in the experiments had been distilled and then passed
through an 18MΩ Milli-Q water purification system. All
water samples (before treatment and after treatment) were
measured three times. All the experiments were conducted in summer (August 2013) when water temperature
was approximately 25 °C.
In this study, the concentration of total organic carbon (TOC) of water samples was evaluated by the TOC
analyzer (Shimadzu TOC-V CPH). The concentrations of
THMs in the water samples were determined by a gas
chromatography (Varian 450-GC) equipped with an electron capture detector (ECD) and 15 m × 0.25 mm × 0.25
mm columns and detection limits of THMs were less than
0.1 mg/L at a GC-ECD operating condition of detector
300 °C, injector 150 °C, and 1 mL injection volume [21].
In addition, other five water quality parameters of
samples involve: pH detected by a pH electrode from
Thermo Scientific, dissolved oxygen (DO) detected by an
InoLab Oxi730, turbidity detected by a HACH 2100P
turbidimeter, conductivity detected by HACH DR-2000
and hardness detected with the method of EDTA titrimetric.

4
3
2
1
0
0
I
tap water

II

III

IV

V

VI VII VIII IX X
filter ID

(a)
7
6
5
DO (mg/L)
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3
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3. RESULTS AND DISCUSSIONS

1

3.1 pH and DO

The values of pH and DO of test water samples are
presented in Fig. 1. The values of pH and DO are 6.50 7.86 and 4.62 - 5.58 mg/L, respectively.
It is seen from Fig. 1 that DO and pH of samples
from filter VIII, IX and X are lowest. DO of treated samples are all lower than that of tap water. It reveals that the
treatment via filter elements made of RO membranes can
lead to the decrease of pH and DO of test water.

0

0
I
tap water

II

III

IV

V

VI VII VIII IX X
filter ID

(b)
FIGURE 1 - (a) pH of water samples from tap water and treated
water; (b) DO of water samples from tap water and treated water

1.2

3.2 Removal efficiency of turbidity

3.3 Removal efficiency of hardness

Hardness of test water samples are showed in Fig. 3.
The mean value of hardness of tap water samples is
74.54 mg/L (namely C0).

t urbidity C/C0

1.0

Turbidity of test water samples are showed in Fig. 2.
The mean value of turbidity of tap water samples is
0.215 NTU (namely C0), which is higher than that of
samples from ten filters.
It is seen from Fig. 2 that the proportion of turbidity
removed by filter I, II, IV and X are generally higher than
50%, while the other six filters are able to remove turbidity by about 70%. Apart from Brand C RO membrane,
filters equipped with UF, RO membranes (namely E3, E4
and E5) have a great capacity for the removal of turbidity
while those made of CTO and MF membrane (namely E1
and E2) have a poor capacity.

0.8
0.6
0.4
0.2
0.0

0
I
tap water

II

III

IV

V

VI VII VIII IX X
filter ID

FIGURE 2 - Turbidity of water samples from tap water and treated
water (C0 = 0.215 NTU)

It is seen from Fig. 3 that the hardness removal rates
of filter VIII, IX and X are all above 97%. According to
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the performance of filter VIII, IX and X, it is concluded
that filters equipped with RO membranes (namely E4, E5
and E6) are of great capacity for removal of hardness.
These results are consistent with the results of a previous
study [22]. And it is shown that RO membrane in most
filters is effectively capable of removing bivalent ions
(typical retention above 95%) [10]. It is noted that filter I,
II, III, IV, V, VI and VII cannot reduce hardness efficiently. In particular, the values of filter I, III, IV, V, VI
and VII are above 1 while the value of Filter II is below 1.
It reveals that filters equipped with MF membrane and UF
membrane (namely E1 and E3) can result in the increase
of hardness. The only explanation is that Ca2+ and Mg2+
which were retained by filter elements re-released to test
water, thus resulting in the failure of test filters.

It is seen from Fig. 4 that for filter I, II, III, IV, V, VI
and VII, we can see filters equipped with CTO, MF and
UF membrane (namely E1, E2 and E3) reduce little conductivity. On the contrary, three filters equipped with RO
membranes (namely E4, E5 and E6) highly reduce the
conductivity especially Brand B and C RO membranes
according to the performance of filter VIII, IX and X.
3.5 Removal efficiency of TOC

TOC of test water samples is shown in Fig. 5. The
mean TOC of tap water samples is 4.33 mg/L (namely C0).
1.4
1.2
1.0
TOC C/C 0

1.2
1.0

0.8
0.6

hardness C/C 0

0.8
0.4

0.6

0.2

0.4

0.0

0
I
tap water

II

III

IV

0.2
0.0

0
I
tap water

II

III

IV

V

VI VII VIII IX X
filter ID

1.2
1.0

conductivity C/C0

VI VII VIII IX X
filter ID

FIGURE 5 - TOC of water samples from tap water and treated
water (C0 = 4.33 mg/L)

FIGURE 3 - Hardness of water samples from tap water and treated
water (C0 = 74.54 mg/L)

It is seen from Fig. 5 that the proportion of TOC removed by filter I, II, III, IV, V, VI and VII are generally
all above 0.5. It indicates that filters equipped with CTO,
MF and UF membrane (namely E1, E2 and E3) are not
effective to remove TOC from test water. It's worth mentioning that filter VIII did not perform well unlike filter IX
and X.
3.6 Removal efficiency of THMs

0.8

THMs concentrations of test water samples are
shown in Fig. 6 - 9 respectively. The mean concentrations
of four compounds of tap water samples are 8.37, 3.36,
1.75 and 0.82 µg/L (namely C0), respectively.

0.6
0.4
0.2
0.0

V

0
I
tap water

II

III

IV

V

VI VII VIII IX X
filter ID

FIGURE 4 - Conductivity of water samples from tap water and
treated water (C0 = 254.5 µs/cm)
3.4 Removal efficiency of conductivity

The conductivity of test water samples are showed in
Fig. 4. The mean conductivity of tap water samples is
254.5 µs/cm (namely C0).

It is seen from Fig. 6 - 9 that the values of filter I, II,
III, IV, V, VI and VII are generally above 1. It suggests
that filter I, II, III, IV, V, VI and VII cannot reduce THMs
efficiently. In particular, the relatively great fluctuation of
values from filter VII indicates that the performance of
such three-stage filter for the removal of THMs is unstable. However, the removal rates of three filters equipped
with RO membrane (filter VIII, IX and X) are all above
90%. And the one with highest removal efficiency is filter
X. The results indicate that RO membrane elements (especially Brand C RO membrane) can provide effective
removal of THMs in these cases, and filters equipped with
CTO, MF and UF membranes are poor in THMs removal.
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V

0.0
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filter ID

FIGURE 6 - CHCl3 concentration of water samples from tap water
and treated water (C0 = 8.37 µg/L)

0
I
tap water

II

III

IV

V

VI VII VIII IX X
filter ID

FIGURE 9 - CHBr3 concentration of water samples from tap water
and treated water (C0 = 0.82 µg/L)
3.7 Implication of the results

The results showed that RO membranes can decrease
approximately 15% and 10% of pH and DO values compared with other membranes. MF membrane has a poor
capacity to reduce turbidity, hardness, conductivity, TOC
and THMs. CTO membrane can little reduce turbidity, hardness, TOC, CHClBr2 and CHBr3, even leading to the increase of conductivity, CHCl3 and CHCl2Br. UF membrane
can reduce much turbidity and little TOC. Therefore, RO
membrane is effective to reduce the concentrations of turbidity, hardness, conductivity, TOC and THMs.

1.8
1.6

CHBrCl2 C/C 0

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

0
I
tap water

II

III

IV

V VI VII VIII IX
filter ID

X

FIGURE 7 - CHBrCl2 concentration of water samples from tap
water and treated water (C0 = 3.36 µg/L)

1.8
1.6

China’s water quality condition is currently undergoing
severe challenges. More than 190 million Chinese suffer
from exposure to exceedingly high concentration of toxicants from agrochemicals, industrial manufacturing, e.g.,
plasticizers, mining and pollution, and disinfection byproducts in wastewater [23]. The water crisis that many
people in China have no access to safe drinking water
poses a great threat to public health [24, 25]. Although the
development of household water filter makes a rather good
breakthrough, the market of household water filter in
China is still not enough mature and perfect. Therefore,
the household water treatment technology research still
has a long way to go.

CHBr2Cl C/C0

1.4
1.2

4. CONCLUSIONS

1.0

In this study, filters equipped with RO membrane element were tested and found to adequately reduce turbidity,
conductivity, hardness, TOC and THMs in tap water in
Hangzhou City. Among the RO membrane elements, the
Brand C is a better choice due to its lower cost compared
with other membranes under the same condition.

0.8
0.6
0.4
0.2
0.0

0
I
tap water

II

III

IV

V VI VII VIII IX X
filter ID

FIGURE 8 - CHBrCl2 concentration of water samples from tap
water and treated water (C0 = 1.75 µg/L)

The filter equipped with UF membrane element can
only effectively decrease the concentrations of turbidity in
tap water. And the filter equipped with CTO and MF membrane elements failed to effectively remove general water
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quality parameters such as turbidity, conductivity, hardness, TOC and THMs.
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water treatment in China. Am. J. Trop. Med. Hyg., 86(3), 554.
[15] Purchase Guidelines for water filter accessories in China [in
Chinese] (2013) Direct Drinking Water Times.
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PROFILES OF SOME BEACHES ON COASTAL BATHING
WATERS OF TURKEY IN THE EASTERN MEDITERRANEAN
Asli Kacar* and Filiz Kucuksezgin
DEU, Institute of Marine Sciences and Technology, Haydar Aliyev Bul. No:100, 35340 Inciralti/ Izmir, Turkey

ABSTRACT
Turkish tourism has been rapidly developing in recent
years in terms of volume, value, and physical investments. Tourism not only provides an additional income to
the economy of the country and increases the inflow of
foreign currency, but also affects the environment in many
ways such as increases in transportation, use of resources
and pollution. Briefly, a significant increase in human
population can cause serious problems in sensitive environments such as coastal areas. In this study, the profiles
of five beaches located in the most important coastal
cities in Turkey whose tourism revenue has greatly increased in recent years were identified, and the residential
areas around these beaches, and the geological structure,
hydrology were explained and microbial water quality
properties (total and fecal coliforms, fecal streptococci)
were statistically evaluated. As a result, it is considered
that the beaches are the most important tourism icon in
the Mediterranean basin, and that great efforts should be
made for and attention should be paid to the development
of the management strategies of these beaches. Therefore,
all the beaches should be carefully monitored as much as
possible both in terms of public health and in terms of
their impact on the environment.

KEYWORDS: Beach profile; coastal water; fecal indicator bacteria; Turkish tourism; Eastern Mediterranean Sea

1. INTRODUCTION
For more than forty years, tourism has been playing
an important role in the economies of many countries [1].
Like many other countries developing in this area, Turkey
pays great attention to tourism industry. Today, tourism is
the second largest source of foreign exchange in Turkey
[2]. The tourism promotion law of 1982 contributed greatly
to investments in tourism and led to a rapid growth in
terms of volume, value and physical investments [3]. According to the estimates of the World Tourism Organiza* Corresponding author

tion, Turkish tourism is expected to increase by 5.5% per
year between 1995 and 2020, and the number of tourists
is expected to reach 27 million in 2020 [4, 5]. Tourism
not only provides additional income to the economy of
the country and increases the inflow of foreign currency,
but also affects the environment in many ways such as
increases in transportation, use of resources and pollution.
In fact, a significant increase in human population can
cause serious problems in sensitive environments such as
coastal areas [6-8]. Inadequate controls on urban planning
and intensive settlement are common phenomena in many
places along the Mediterranean coastline and cause a very
serious destruction of the coast. Especially due to the rising
demand for the sea and sun tourism, great seasonal increases are observed in the number of visitors to holiday
resorts in the coastal regions from June to September.
This over-crowding at the beaches increases the anthropogenic pressure on the coastal zone [1]. Several publications in the literature concentrate on the developments in
tourism and the environmental quality. Moreover, especially blue flag regulations, and implementation and management procedures such as ISO 14000 standards are
being developed in order to increase quality standards of
the beaches [1, 9].
In terms of public health, it is important to measure
the microbiological parameters when the coastal waters
used for swimming are monitored. Recreational waters
and beaches are exposed to fecal contamination from agricultural inputs, sewage waste, wild and domestic animals
and recreational vacationers. Fecal contamination of seawater and beaches poses a serious threat to public health
because fecal wastes include bacteria, viruses and protozoa cause intestinal infections if taken through the digestive system [10-13]. In particular, well-known pathogenic
bacteria such as Escherichia coli, Salmonella, Shigella,
protozoa such as Cryptosporidium and Giardia, and viruses such as norovirus and adenovirus are the main factors associated with recreational water-borne diseases.
Pathogenic microorganisms transmitted by recreational
waters vary greatly. Therefore, instead of identifying them
individually, it is preferred to investigate the presence of
indicator organisms, because their identification is faster
and more economical. These indicator bacteria are Total
coliforms, Fecal coliforms, E. coli and Enterococci, and
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they have been investigated as indicators of contamination for about 100 years [14]. The abundance of indicator
organisms reflects a relative risk for the presence of enteric pathogens [15, 16]. Therefore, it is important to monitor microbial pollution indicators in the beaches located
close to urban areas, agricultural lands and river inputs; in
other words, point and/or non-point sources of pollution
[14].
Unfortunately, there are no studies conducted on the
beach profiles of the coasts of Turkey, which generates
large revenues from tourism. The purpose of this study is
to determine the profiles of some beaches located near the
most important coastal cities in Turkey which have shown
great improvements in recent years in terms of tourism
revenues, and to determine the water quality of these beaches
by monitoring the indicators of microbial contamination.

2.2 Analysis of Fecal Indicator Bacteria

Beaches were visited at 2-week intervals from April
to November in 2008, 2009 and 2010. Seawater samples
were collected from 20 cm below the water surface in
places 1 m in depth at the sampling station. Samples were
transported to the lab on ice and processed by the membrane filtration method within 8 h of collection. Membrane
filters with collected bacteria were placed on the culture
media (M-endo MF medium for Total coliforms, M-FC for
Fecal coliforms, and Azide Dextrose for Fecal streptococci). M-FC cultures were incubated at 44.5ºC for 24 h
and colonies of blue color were scored as Fecal coliforms,
and Azide Dextrose cultures were incubated at 37°C for
24–48 h. Pink-purple colonies on M-endo MF media were
counted as Total coliforms and all light and dark red coloured colonies were counted as Fecal streptococci [17, 18].
2.3 Statistical Analysis

2. MATERIAL AND METHODS
2.1 Study Area

The study areas are located in the Aegean and Mediterranean regions of Turkey and consist of a linear coast
formed by urban beaches (Fig. 1). The method used to
determine the profiles of these beaches is the evaluation of
the available data about the general, physical-geographical
and meteorological characteristics of the area and the microbial sources of pollution in the area. Required data were
obtained from the Ministry of Health, Foundation for
Environmental Education in Turkey and beach operators.
This study covers five beaches in different coastal municipalities: Kemer, Manavgat, Bodrum, Çeşme, Selçuk
located along the Mediterranean and Aegean coasts.

The 90th and 95th Percentile Approach; many regulations
from different countries have chosen to base criteria for
recreational water compliance upon either percentage
compliance levels, typically 95% compliance levels (i.e.
95% of the sample measurements taken must lie below a
specific value in order to meet the standard), or geometric
mean values of water quality data collected in the bathing
zone. The 95% compliance system does reflect much of the
top-end variability in the distribution of water quality data
and has the merit of being more easily understood. The
parametric approach requires sufficient data to define the
mean and standard deviations of the log10 bacterial enumerations. In this study too, the parametric approach was
used to calculate fecal pollution indicators, and the results
were calculated as the 90th and 95th percentiles (cfu 100ml-1).

FIGURE 1 - Study areas.
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Based upon percentile evaluation of the log10 normal
probability density function of microbiological data acquired from the particular bathing water, the percentile
value was derived as follows:
The upper 90-percentile point of the data probability
density function was derived from the following equation:
upper 90-percentile = antilog (µ + 1.282 σ).
The upper 95-percentile point of the data probability
density function was derived from the following equation:
upper 95-percentile = antilog (µ + 1.65 σ).
(i) Taken the log10 value of all bacterial enumerations in the data sequence to be evaluated.
(ii) Calculated the arithmetic mean of the log10 values (µ).
(iii) Calculated the standard deviation of the log10
values (σ) according to EC Directive (76/160/EEC).

The beach lies in north-south direction. The beach has shallow seawater. The beach is organized and includes 1 toilet,
3 bins, umbrellas, a shower and a parking area. Flags and
megaphones are used to warn the people of danger. Several kinds of sports (sailing and motor sports etc.) are
played on the beach or at sea. The beach is cleaned periodically every day during the bathing season (May-October).
The maximum number of bathers is about 1000 bathers day-1
(Questionnaire with beach manager).
3.1.3 Hydrological-Meteorological Characteristics

Kemer has a Mediterranean climate with very hot, long
and dry summers and cool, rainy winters. In the summer,
temperatures frequently exceed 40°C. The prevailing wind
direction is northwest. The average wind speed is 2.4 ms-1.
The mean seawater temperature is given in Table 1 on
a monthly basis [22].
3.1.4 Microbial Water Quality Inspection

3. RESULTS
3.1 Kemer Elize Beach, Antalya
3.1.1 General Information

Elize Beach is located in Kemer, Antalya (Eastern
Mediterranean) and the coordinates of the beach are latitude;
36º 54’ 32,67” N, longitude; 30 º 55’ 88,72” E. The type of
bathing water is coastal water. The national competent authority is the Ministry of Environment and Urban Planning,
and the local competent authority is Kemer Municipality.
Elize Beach is a seaside resort and a district of Antalya Province on the Mediterranean coast of Turkey, 40 km
west of the city center of Antalya. Kemer is on the Gulf of
Antalya and has a 53 km of seacoast with the skirts of the
Western Taurus Mountains behind. Until the early 1980s,
Kemer was a quiet rural district but today the coastal
villages in the district play a very important part in
tourism in Turkey. There are a lot of touristic hotels and
boarding houses in this area. Kemer's 320-berth marina
offers several restaurants for the tourists as well as being
an important wintering-over marina for live aboard sailors
from the USA, England and most of Europe. The town
has 20.785 inhabitants [19].
3.1.2 Physical-Geographical Characteristics

Kemer is located in the NE-SW directed torrid belt
and includes limestone, marl, flysch and serpentine as the
geological background [20, 21]. The seaside and the sea
bottom are sandy and gravelly. The length of the beach is
approximately 190 m and the average beach width is 30 m.

There are summer residences, buildings, touristic hotels, boarding houses and hostels in the vicinity of this
beach. No sewage outfalls are found in the vicinity of Elize
Beach. The restaurants and the camping facility present at
the beach discharge their wastes into the local sewer network. In addition, pets are not allowed at the beach and no
animal feces were detected on the beach during the inspection.
The microbial parameters were monitored in Elize
Beach (TC, FC, FS) according to Guide values of EC Directive (76/160/EEC). The classification was based on the
results obtained from 45 samples collected between April
and November (2008-2010) (From Report of Ministry of
Health, Foundation for Environmental Education in Turkey). The maintenance of good seawater quality is of
particular importance for Antalya because the sea is used
for fishing and recreation by millions of tourists every
year (Table 2).
3.2 Manavgat Magic Life Beach, Antalya
3.2.1 General Information

Magic Life Beach is located in Manavgat, Antalya
(Eastern Mediterranean) and the coordinates of the beach
are latitude; 36º 75’ 29,40” N, longitude; 31º 44’ 56,84” E.
The type of bathing water is coastal water. The national
competent authority is the Ministry of Environment and
Urban Planning and the local competent authority is
Manavgat Municipality.

TABLE 1 - Mean temperature of seawater (ºC) in different beaches from Turkish coasts in the Eastern Mediterranean (2008-2010)
Month
Kemer
Manavgat
Bodrum
Çeşme
Selçuk

Jan
16
17
13
11
10

Feb
17
17
14
11
11

Mar
17
17
14
12
14

Apr
18
18
15
15
14

May
20
21
18
20
20

Jun
23
24
21
24
24
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Jul
27
27
24
26
27

Aug
28
28
25
26
26

Sep
27
27
23
24
24

Oct
24
25
21
21
20

Nov
23
22
19
17
17

Dec
19
19
14
13
13
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TABLE 2 - Summary of analysis of microbial data 2008-2010 (April-November)
Fecal Indicator Bacteria (cfu 100ml-1)
FC

TC
Kemer Elize Beach
n*
95th percentile
90th percentile
Manavgat Magic Life Beach
n
95th percentile
90th percentile
Bodrum Ortakent Beach
n
95th percentile
90th percentile
Çeşme Sheraton Beach
n
95th percentile
90th percentile
Selçuk Sürmeli Efes Beach
n
95th percentile
90th percentile
* n: number of samples analyzed

FS

45
272
140

45
25
15

45
42
20

45
210
105

45
32
20

45
10
5

22
242
100

22
15
10

22
5
5

36
158
110

36
40
15

36
25
20

36
294
190

36
40
25

36
60
35

Magic Life Beach has 55 km shoreline that starts
from Koprucayi, which is 5 km away from Serik, to Alara
stream that is located 30 km westward of Alanya. Taurus
Mountains have a collateral way to the sea. Four streams
originating in these mountains flow from north to south.
The agriculture area of Manavgat lies from the shoreline
to the Taurus Mountains [23].
3.2.2 Physical-Geographical Characteristics

Paleozoic rocks are the oldest geological units around
Manavgat area and this base is covered by tectonically
fractured and folded schist, phyllite, marble and limestone
[20, 21]. Magic Life Beach is situated between the settlements of Side and Alanya, and it is nearly 4.5 km away
from Manavgat Stream. The seaside and the sea bottom are
sandy. The length of the beach is approximately 140 m, and
the average beach width is 45 m. The beach lies in eastwest direction and has shallow seawater. The beach is organized, and includes 4 toilets, 4 bins, umbrellas, a shower
and a parking area. Flags and megaphones are used to
warn the people of danger. Several kinds of sports (sailing
and motor sports etc.) are played on the beach or at sea.
The beach is cleaned periodically every day during the
bathing season (May-October). The maximum number of
bathers is about 1000 bathers day-1 (Questionnaire with
beach manager).

3.2.4 Microbial Water Quality Inspection

Although no residential area is located near the beach,
touristic hotels, boarding houses, hostels can be seen in this
part. There are no sewage outfalls in the vicinity of Magic
Life Beach. There are restaurants and coffee shops as well
as a camping facility at the beach all of which discharge
their wastes into the local sewer network. Pets are not
allowed at the beach and no animal feces were detected
on the beach during the inspection. There is the Manavgat
Stream in the region and it discharges its waters into the
sea at the east part of this beach. The potential pollution
source is the wastes from the agricultural areas along the
stream. Due to the small size of the settlement, there is no
risk for seawater pollution from these sources. During the
visual inspection of the beach, no pollution of tarry residues, glass, plastic, rubber or any other waste was detected.
The microbial parameters were monitored in Magic
Life Beach (TC, FC, FS) according to Guide values of EC
Directive (76/160/EEC). The classification was based on
the results obtained from 45 samples collected between
April and November (2008-2010) (From Report of Ministry of Health, Foundation for Environmental Education in
Turkey) (Table 2).
3.3 Bodrum Ortakent Beach, Muğla

3.2.3 Hydrological-Meteorological Characteristics

3.3.1 General Information

The Mediterranean climate prevails in the region. Hot,
dry and humid summers and cool, wet winters are the characteristics of this climate. Freeze occurs a few times a year,
and in some years, no freeze is observed. The prevailing
wind direction is north, followed by northeast and west.
The average wind speed is 2.3 ms-1. The mean seawater
temperature is given in Table 1 on a monthly basis [22].

Ortakent Beach is located in Bodrum, Muğla (Eastern
Aegean) and the coordinates of the beach are latitude; 37º
01’ 58,25” N, longitude; 27º 33’ 53,49” E. The type of
bathing water is coastal water. The national competent
authority is the Ministry of Environment and Urban Planning and the local competent authority is Ortakent Municipality.
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Ortakent is a town near Bodrum in Muğla province,
Turkey; it is 7 km from Bodrum and is located at the
center tip of the Bodrum Peninsula. Bodrum which has
become a popular tourist destination recently due to its
historical importance and natural beauty attracts fishermen and sponge divers as well. Along the coast (2 km),
there are many beaches, hotels and facilities for water
sports. The larger part of the area is a residential area with
intense tourist activity [24].
3.3.2 Physical-Geographical Characteristics

The Bodrum Peninsula is primarily covered with the
Lycian Nappes which geologically represents the basement rocks for the surrounding region [25]. The seaside
and the sea bottom are sandy and gravelly. The length of
the beach is approximately 250 m and the average beach
width is 15 m. The beach lies in east-west direction. The
beach is organized and includes 2 toilets, 2 bins, umbrellas, 2 showers and a parking area. Flags and megaphones
are used to warn the people of danger. Several kinds of
sports (sailing and motor sports etc.) are played on the
beach or at sea. The beach is cleaned periodically every
day during the bathing season (May-October). The maximum number of bathers is about 1000-1500 bathers day-1
(Questionnaire with beach manager).
3.3.3 Hydrological-Meteorological Characteristics

The Mediterranean climate prevails in the area. The
average temperature is 15 ºC in the winter and 34 ºC in
the summer with very sunny spells. Summers are hot and
humid, and winters are mild and mostly sunny. The prevailing wind direction is southwest. The average wind
speed is 3 ms-1. The mean seawater temperature is given
in Table 1 on a monthly basis [22].
3.2.4 Microbial Water Quality Inspection

The North part of the beach includes summer residences, buildings, and boarding houses. There are restaurants, tea gardens and a camping facility at the beach and
they discharge their wastes into the local sewer network.
The potential pollution source has to do with small releases of sewage effluents from the local sewer network.
Additionally, there are leisure boats and small fishing boats
stationed around the beach and small amounts of sewage
effluents can be released from private septic tanks. However, pets are not allowed at the beach and no animal
feces were detected on the beach during the inspection.
During the visual inspection of the beach, no pollution of
tarry residues, glass, plastic, rubber or any other waste
was detected.
The microbial parameters were monitored in Ortakent
Beach (TC, FC, FS) according to the Guide values of EC
Directive (76/160/EEC). The classification was based on
the results obtained from 22 samples collected between
April and September (2009-2010). (From Report of Ministry of Health, Foundation for Environmental Education
in Turkey) (Table 2).

3.4 Çeşme Sheraton Beach, Ilıca, İzmir
3.4.1 General Information

Sheraton Çeşme is located in Çeşme, İzmir (Eastern
Aegean) and the coordinates of the beach are latitude; 38º
30’ 75,45” N, longitude; 26º 36’ 86,40” E. The type of
bathing water is coastal water. The national competent
authority is the Ministry of Environment and Urban Planning and the local competent authority is Çeşme Municipality.
Çeşme is a coastal town in Turkey's western-most end,
on a promontory on the tip of the peninsula which also
carries the same name and which extends in land to form a
whole with the wider Karaburun Peninsula. The town has
total 33.931 inhabitants including villages Çeşme is a popular holiday resort and the district center, where two thirds
of the population is concentrated, and it is located 85 km
west of İzmir, the largest metropolitan center in Turkey's
Aegean Region. Çeşme Ilıca has favorable wind conditions
which make it a prized location for windsurfing [26].
3.4.2 Physical-Geographical Characteristics

Onshore geology shows that Çeşme and surrounding
area are based by Lower Triassic or Paleozoic clastic
assemblage; middle Triassic to Jurassic carbonate assemblage, and an upper unconformably overlying Late Cretaceous to Paleocene "Bornova Mélange" [21, 27]. The
seaside and the sea bottom are sandy. The length of the
beach is approximately 110 m and the average beach width
is 50 m. The beach lies in east-west direction. The beach
has shallow seawater. The beach is organized and includes
1 toilet, 4 bins, umbrellas, a shower and a parking area.
Flags and megaphones are used to warn the people of danger. Several kinds of sports (sailing and motor sports etc.)
are played on the beach or at sea. The beach is cleaned
periodically during the bathing season (May-October). The
maximum number of bathers is about 1000-1500 bathers
day-1 (Questionnaire with beach manager).
3.4.3 Hydrological-Meteorological Characteristics

The region of Çeşme has a typical Mediterranean climate and the summer months are from April to October.
Although temperatures are high throughout the year, moderate humidity levels make the weather conditions bearable. The prevailing wind direction is north-northeast. The
average wind speed is 2.5 ms-1. The mean seawater temperature is given in Table 1 on a monthly basis [22].
3.4.4 Microbial Water Quality Inspection

This region has a lot of summer residences, buildings,
touristic hotels, boarding houses, hostels in the vicinity of
this beach. The wastewater treatment plant of Çeşme has
been designed to serve the whole settlement of Çeşme
region. The treatment includes disinfection, and the treated
sewage is disposed of into the seas through an underwater
pipe. No pollution risk results from the normal operation of
the wastewater treatment plant but sewage effluents from
the local sewage network can cause contamination. Addi-
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tionally, the northwest part of the beach includes a small
marina and sewage effluents can be released from private
septic tanks of boats there. However, pets are not allowed
at the beach and no animal feces were detected on the
beach during the inspection. No pollution of tarry residues,
glass, plastic, rubber or any other waste was detected.

southeast. The average wind speed is 2.5ms-1. The average humidity is 63.4 % and the average total rainfall is
612.5 kgm-2 annually. The mean seawater temperature is
given in Table 1 on a monthly basis [22].

The microbial parameters were monitored in Sheraton
Çeşme Beach (TC, FC, FS) according to Guide values of
EC Directive (76/160/EEC). The classification was based
on the results obtained from 36 samples collected between
May and October (2008-2010) (From Report of Ministry
of Health, Foundation for Environmental Education in
Turkey) (Table 2).

Although no residential area is located near the beach,
touristic hotels and boarding houses can be seen in this
part. The Küçük Menderes River located in the north site of
the beach is 3 km away from the beach. The total surface
flow length of the Küçük Menderes River is 114 km. The
area of the river basin is highly industrialized and intensively agricultural. It discharges domestic, agricultural and
industrial waste into the sea with limited treatment. The
potential pollution source is the wastes from the domestic
and agricultural areas along the river. In addition, pets are
not allowed at the beach and no animal feces were detected
on the beach during the inspection. No pollution of tarry
residues, glass, plastic, rubber or any other waste was
detected.

3.5 Selçuk Sürmeli Efes Beach, İzmir
3.5.1 General Information

Sürmeli Efes Beach is located in Selçuk, İzmir (Eastern Aegean) and the coordinates of the beach are latitude;
37º 92’ 29,80” N, longitude; 27 º27’ 64,39” E. The type
of bathing water is coastal water. The national competent
authority is the Ministry of Environment and Urban Planning and the local competent authority is Selçuk Municipality.
The town, located on the western edge of the Aegean
Region of Turkey, lies 73 kilometers south of Izmir along
the İzmir-Aydın highway, and 9 kilometers east of Pamucak, which is on the seashore and has natural sandy beaches.
The ports at Kuşadası and İzmir facilitate sea travel. The
former name of the coast of Ephesus is 11 km long and
takes its place among the longest beaches of Turkey. It
possesses three blue flags. It is a beach suitable for all
kinds of water sports and camping. There are camping
sites, a water park and hotels in the region [28].
3.5.2 Physical-Geographical Characteristics

The geological structure of Selçuk area consists of
Paleozoic schists, Mesozoic limestones and Neocene sedimentary layers which belong to Menderes massive zone
[21, 29]. The seaside and the sea bottom are sandy. The
length of the beach is approximately 250 m and the average beach width is 30 m. The beach lies in north-east
direction and has shallow seawater. The beach is organized and includes 2 toilets, 3 bins, umbrellas, 3 showers
and a parking area. Flags and megaphones are used to warn
the people of danger. Sailing and motor sports etc. are not
played on the beach or at sea. The beach is cleaned periodically during the bathing season (May-October). The maximum number of bathers is about 1000 bathers day-1 (Questionnaire with beach manager).
3.5.3 Hydrological-Meteorological Characteristics

The region has a typical Mediterranean climate, summers are hot and dry, and winters are cool and rainy. It
never snows and the temperature rarely drops to 0ºC. Water
sports can be played for 10 months of the year since the
climate is mild. The prevailing wind direction is south-

3.5.4 Microbial Water Quality Inspection

The microbial parameters were monitored at Sürmeli
Efes Beach (TC, FC, FS) according to Guide values of
EC Directive (76/160/EEC). The classification was based
on the results obtained from 36 samples collected between
May and September (2008-2010) (From Report of Ministry of Health, Foundation for Environmental Education in
Turkey) (Table 2).
4. DISCUSSION
As in Turkey where the beach tourism is an important
economic resource, in many countries neighboring the
Mediterranean Sea, beaches are recreational sources for
activities such as swimming, surfing etc. and these activities are performed for many months as long as the weather
conditions permit especially in the city centers [30, 31].
In many studies, the specific features of the beaches
which affect people’s preferences have been revealed. For
example, Wolch and Zhang [32] developed a conceptual
model with a broad perspective on the use of the beaches
in their study. This model includes such topics as characteristics of each beach, geographic conditions affecting
transportation to those beaches, information about the
coastlines the beaches lie on, and the interaction between
the beaches and the surrounding nature or residential
areas. Factors in the model are not completely independent and are associated with the environment. However,
what affects people’s preferences when they choose a
beach is considered as an unclear variable. According to
Wolch and Zhang [32], people prefer well-equipped beaches
which are easy to access, have a lot of restaurants around,
allow people to play water sports and have walking areas
around which are also related with the socio-demographic
factors. In their study, Pendleton et al. [33] stated that the
environmental quality and pollution risk are closely associated with people’s beach preferences.
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In particular, the beaches with poor microbial water
quality pose a serious risk to public health. Since fecal
indicator bacteria are associated with many diseases from
swimming and can survive on beach sediments for a long
time, they are used to determine and monitor the water
quality of beaches. For example, in 1999, a statistically
significant relationship was determined between the number of enterococci present in Santa Monica Bay, California, and diarrhea and gastrointestinal diseases in swimmers [34]. Bathing water quality was monitored according
to the Turkish Bathing Water Directive (76/160/EEC) in
Göcek Bay had been polluted due to densely boat tourism
by Can and Alp [35], their measurements showed that
fecal coliform concentrations in study area were ranging
between 1.4x103 and 1.8x103 fecal coliforms 100ml-1.
Kocasoy et al. [36] investigated sea water quality at selected two beaches and a coastal village having summer
resorts in Çeşme and found that the maximum total coliform value had been reduced from 10x104 to 9.2x101
coliform 100ml-1 after wastewater treatment plant.

ACKNOWLEDGEMENTS
We would like to extend our sincere thanks to the
Ministry of Environment and Urban Planning, the Ministry of Health and the Foundation for Environmental Education in Turkey for their contribution to our study. We
are grateful to Dr. Muhammet Duman for his assistance in
drawing location map of study areas.

Fecal contamination in seawater of the beaches can
stem from many point and non-point sources. For example, people and domesticated or wild animals using the
beach, leaks from the sewer system or from waste storage
tanks, illegal discharge from restaurants, cafes and businesses around, nearby agricultural fields and river inputs
are but a few of the factors leading to contamination [14,
31, 37, 38].
5. CONCLUSIONS
In this study, the conditions of the beaches which
play an important role in Turkish tourism and the risks
they pose to public health were discussed. The first steps
were taken in order to determine the profiles of five different beaches located on the coasts of Turkey. Residential areas around the beaches, and the geological structure,
hydrology and sanitation properties of the beaches were
determined. Beaches are the most important tourism icon
in the Mediterranean basin, and great efforts should be
made for and attention should be paid to the development
of management strategies of these beaches. Insufficient
controls on urban planning and intensive construction on
the coastal zone lead to the destruction of the beach-sand
system. A lot of beaches turn into the city beaches and the
coastline is withdrawn. In recent years, geomorphology,
safety, water quality monitoring, training activities have
been integrated into beach management practices. Therefore, all the beaches should be carefully monitored as
much as possible both in terms of public health and in
terms of their impact on the environment. In addition,
local authorities should be encouraged to organize educational and informational campaigns in order to raise public awareness.
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ABSTRACT
Phospholipid fatty acids (PLFAs) were used to evaluate the effects of submerged macrophytes Ceratophyllum
demersum L. on sediment microbial community structure
in mesocosms. Different microfloras were observed in
rhizosphere and non-rhizosphere sediments with C. demersum revegetation and control. More anaerobic bacteria were
found in the sediment with C. demersum, especially in the
non-rhizosphere sediment (P < 0.05). The monounsaturated FAs representing Gram-negative (Gram-) bacteria
were relatively abundant in the presence of C. demersum,
while the ratios of normal saturated to monounsaturated
PLFAs in the sediments (rhizosphere & non-rhizosphere)
were both significantly lower than those of control (P <
0.05). A shift in composition from Gram-positive bacteria
(Gram+) to more Gram- bacteria dominated bacterial
community due to C. demersum revegetation was noted.
Based on the ratio of the sum of iso and anteiso fatty
acids of 15:0 to 16:0 ((i15:0+a15:0)/16:0) and the Shannon-Wiener diversity index (
, the colonization of C.
demersum was determined to cause low diversity of microbial community in rhizosphere, and high diversity in
non-rhizosphere.

KEYWORDS: sediment microbial community, PLFAs, Ceratophyllum demersum L., submerged macrophytes

1. INTRODUCTION
Eutrophication has been a major water quality problem all over the world. During the past decades, many
efforts have been made to combat with eutrophication by
decreasing external nutrient loading inputs. Submerged
macrophytes are commonly used to control eutrophication
of shallow lakes, and are regarded as an effective and
valid alternative for the remediation of eutrophic water
bodies [1], due to having the ability to remove nutrients from
* Corresponding author

water and sediment [2, 3], as well as to reduce phytoplankton biomass [4], increase sedimentation of organic particles, inhibit sediment resuspension, enhance and maintain
water transparency [5, 6].
In the aquatic ecosystems, microorganisms play critical
roles in biogeochemical cycling and aquatic food webs,
primarily in recycling biologically important elements,
such as decomposition of organic matter and mineralization
of nutrients [10]. Numerous studies have identified that the
condition and composition of the microbial communities
can be altered by environmental factors including: pH,
water temperature [11], nutrient enrichment [12], phytoplankton succession [13], and predation [14], etc. Cebrián
et al. [15] noted that the type of dominant primary producer can influence the turnover and fate of organic matter and associated nutrients in ecosystems. As a consequence, reestablishing submerged macrophytes in eutrophic shallow lakes should be expected to affect the microbial communities in the aquatic ecosystems.
Both water and sediments in the shallow lakes hold
complicated and different structures of microorganism
communities. Since nutrients (especially N) and carbon are
typically 1000-fold richer in sediments than in water column, a highly concentrated growth medium for diverse
groups of microorganisms can be provided by sediments
[16]. However, many researchers assessed the bacterioplankton in the water column including: characterization
of freshwater bacterioplankton diversity, factors regulating
the bacterioplankton community composition, and the role
of bottom-up or top-down regulation on biomass or production of the aggregate bacterial community [4, 12, 17, 18].
The effects of macrophytes on microflora in sediments
have not been received much attention, despite their ecological significance.
To study microbial community structure and diversity
in the environment, many methods are available including: culture techniques, chemical methods (microbial biomarkers), molecular techniques, etc. Phospholipid esterlinked fatty acids (PLFA) is currently one of the very sensitive chemical methods in determining the microbial biomass and community structure, and is a useful tool for
rapid characterization of broad taxonomic groups of mi-
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croorganisms in the environment. It can be used to indicate the presence and relative abundance of the microorganisms in a given environment [19]. Also, certain PLFAs
are unique biomarkers for specific functional groups of
microorganisms, and other specific PLFAs or ratios of
PLFAs can be altered in response to environmental or
chemical stresses [20]. Therefore, the interaction between
macrophytes and microorganisms in sediments can be
evaluated using PLFAs.
In this study, PLFAs was used to explore the possible
sediment microbial community structure changes with the
revegetation of a popular species, submerged macrophytes
Ceratophyllum demersum L., and a probable mechanism
for their interaction was proposed.
2. MATERIALS AND METHODS

ascorbic acid method (APHA, 15th edition, 1980). Inorganic phosphorus (IP) was directly extracted with 20 ml
of 1 M HCl for 16 h and then determined in the extract as
described above. Organic phosphorus (OP) was calculated
by taking the difference between TP and IP. Organic
matter (OM) was measured as loss in a muffle furnace at
450◦C for 3h.
Rhizosphere sediment samples of C. demersum for
microbial community analysis were collected (0-5 cm) by
pulling the macrophytes out from the systems. The nonrhizosphere samples were extracted from the sediment with
the distance about 15 cm from growth area of C. demersum. The sediment samples before transplanting macrophytes were also collected as the background. All sediment
microbial samples collected were placed in separate plastic ziploc bags and stored in a freezer at −20°C until
analysis of microbial community structure.

2.1 Experimental system

2.3 Fatty acid methyl esters (FAME) analysis

The experimental system consisted of four concrete
ponds (1m×1m×1m): two for C. demersum with 50%
coverage and two for control. A layer of sediment with
25 cm in thickness was placed in each pond. Initial water
level was maintained at 30 cm, then raised and maintained
at 70 cm height throughout the experimental period. Sediment were collected from the top 0-10 cm of the sediment
in Donghu Lake (30°33′N, 114°23′E), a typical eutrophic
shallow lake in the central of China, and were thoroughly
mixed prior to the experiments. The water used in the
study was obtained from the lake.
C. demersum was also collected from the lake and
pre-incubated for 3 weeks prior to the experiments. About
0.5 kg fresh weight per square meter were randomly
planted in the “enclosure” according to designed restoration area. The study period was from 28 June to 23 November in 2010.

FAME analysis of sediment samples employed a mild
alkaline methanolysis method which extracts the esterlinked (EL) fatty acids, also is known as EL-FAME method
(Schutter and Dick, 2000). A volume of 15 ml of 0.2 M
potassium hydroxide (KOH) in methanol was added into a
50 ml centrifuge tube containing 3 g sediment. The contents were then centrifuged for 10 minutes and incubated
at 37°C for one hour. After incubation, 3 ml of 1.0 M
acetic acid was added to neutralize the pH of the mixture.
10 ml hexane was then added, followed by centrifugation
at 4,800 rpm for 15 minutes to partition EL-FAMEs into
an organic phase. The hexane layer was transferred into a
clean glass tube, and hexane was evaporated under N2
steam. At the final step, the FAMEs were dissolved in three
aliquots of 500 µl of hexane: methyl-tert butyl ether (1:1)
and transferred to an amber vial for gas chromatography
(GC) analysis.

2.2 Sampling and analysis

Water characteristics were monitored at regular intervals [2]. Analysis of water samples was performed according to the Standard Method [21]. Chemical oxygen demand
(COD) was measured using a spectrophotometer (DRB
200, Hach, USA). Chlorophyll a (Chl.a) was determined
spectrophotometrically. Turbidity was analyzed using a
turbidimeter (2100P Hach, USA). In addition, the other
physical and chemical characteristics, including pH and
oxidation–reduction potential (ORP), were obtained using
the portable Multimeter (Thermo ORION 5-STAR).
Sediment (top 5 cm of sediment) in ponds was sampled and the physico-chemical properties were analyzed
each month. At each pond, three sediment cores were
collected, combined and thoroughly mixed in to one sample. All the sediment samples were was naturally air-dried
and sieved with a standard 100-mesh sieve. The content
of total phosphorus (TP) in the sediments was determined
by heating the samples at 450◦C for 3 h, extracted by 20 ml
of 3.5 M HCl for 16 h, and then determined using the

The FAMEs were analyzed by a gas chromatography
(GC 6890, Agilent Technologies) and a mass spectrometer (5973N MSD, Agilent Technologies) equipped with a
30 m HP-5MS silica capillary column. The temperature
program was initially held at 80°C for two minutes, increased at 50°C min-1 to 150°C (held for two minutes),
then increased at 2.5°C min-1 to 195°C (held for two minutes) and a further increase at 2.5°C min-1 to 215°C (held
for five minutes). The whole program lasted for 38 minutes. Fatty acid peaks were identified using 26-component
Bacterial Acid Methyl Ester (BAME) Mix (FORMERL Y
4-7080, Supelco, USA).
Fatty acids (FAs) are designated by standard nomenclature: the total number of carbon atoms, followed by a
colon, and the number of double bonds. A “ω” and a
number show the position of the initial double bond from
the methyl end of the chain, sometimes followed by a “c”
for cis and “t” for trans referred to geometric isomers,
respectively. The prefixes “a” and “i” refer to anteiso- and
iso-branched fatty acids, respectively. The prefix “cy”
denotes cyclopropane fatty acids.
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Different microbial groups, characterized by typical
fatty acids with different chain structures, were selected
as biomarkers [22]. In this study, the fatty acids i15:0,
a15:0, 15:0, i16:0, 16:1ω9, i17:0, 17:0, cy17:0, 18:1ω9c,
18:1ω9t and cy19:0 were chosen to represent total bacteria [23]. Mono-unsaturated FAs (MUFAs), including
16:1ω9 and 18:1ω9c, were used as indicators of Gramnegative bacteria; branched FAs, including i15:0, a15:0,
i16:0 and i17:0, were used to indicate Gram-positive
[24, 25].
2.4 Statistical analysis

The Shannon-Wiener Index ( , bits) was calculated
to estimate changes in the sediment microbial community
structure.

For FAME, Pi is the proportion of each individual
phospholipid of PLFAtot;
Differences between samples in terms of the values
for variables were evaluated using Paired /Independent
Sample t-Test. The level of probability (P < 0.05) states if
differences were significant. All the statistical analyses
were performed using SPSS 13.0 and Origin 8.0 software.
3. RESULTS
3.1 Environmental parameters

The water nutrient concentrations, physical parameters, chlorophyll a (chl. a) and sediment contents for the
experimental systems and control are shown in Table 1.
The concentrations of total nitrogen (TN), ammonia
nitrogen (NH4+-N), total phosphorus (TP), chemical oxygen (COD), total dissolved solid (TDS), Chl.a, turbidity

and oxidation reduction potential (ORP) in control were
significantly higher than those of experimental groups
(Paired Sample t-Test, P < 0.05), while pH was significantly lower than that of the experimental systems, which
may be related to the reduced CO2 levels caused by photosynthesis.
TP and organic phosphorus (OP) contents in the
sediment were significantly lower (Paired Sample t-Test,
P<0.05) in the experimental systems than those in control.
While no significant difference of the sediment TN, inorganic phosphorus (IP) & organic matter (OM) content
was detected between the treatment and control.
3.2 Microbial EL-FAME profiles

A total of 26 fatty acids were identified to characterize the microbial community structure in all sediment
samples, among them, the group of saturated FAs (45.757.1%) dominated the EL-FAME profiles (Table 2, Fig.
1). In non-rhizosphere and control sediments, branched
FAs were the second dominant fraction, accounting for
21.4% and 19.6% of the total FAs, respectively, followed
by monounsaturated FAs (MUFAs) (19.4% & 13.8%) and
cyclopropane FAs (13.5% & 9.4%). The result in
rhizosphere sediment was different, with monounsaturated FAs (20.4%) as the second dominant fraction, followed by branched FAs (18.6%) and cyclopropane FAs
(9.7%). Independent Sample t-Test showed that all samples contained significantly more saturated FAs than any
other kinds of FAs (P < 0.05). No significant difference
between the relative abundance of MUFAs and branched
FAs was detectable, while they were both significantly
higher than the relative abundance of cyclopropane FAs
(P < 0.05). Besides, the relative abundance of saturated
FAs in rhizosphere sediment was significantly higher
compared to that in non-rhizosphere sediment (P<0.05),
and the highest relative abundance of cyclopropane FAs
was detected in non-rhizosphere sediment (Fig. 1).

TABLE 1 - Environmental parameters (mean and range) of the two different systems

Variable

Overlying
water

Sediment

Initial value
TN (mg/L)
NH4+-N (mg/L)
TP (mg/L)
COD (mg/L)
TDS (mg/L)
DO (mg/L)
Chl. a(µg/L)
Turbidity (NTU)
pH
Water temperature (℃)
ORP (mV)
TP (g/kg DW)
TN (g/kg DW)
IP (g/kg DW)
OP (g/kg DW)
OM (g/kg DW)

5.94±0.17
2.49±0.023
0.44±0.059
65±9.89
194
3.51
167.4±9.62
15.3±0.071
8.12±0.15
30.3
-64.4±2.05
0.95±0.15
1.39±0.21
0.81±0.18
0.14±0.03
60.21±6.32

Treatment
Mean
1.09
0.25
0.12
30
247
3.57
5.36
3.57
8.67
27.03
-120.90
0.70
1.44
0.59
0.11
54.63
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Range
0.24-2.70
0.08-1.26
0.02-0.23
12-65
175-522
0.96-6.71
1.95-11.16
1.50-4.51
7.03-9.49
14.5-31.8
-12.3- -478.0
0.57-0.82
1.24-1.42
0.47-0.76
0.06-0.14
39.40-60.28

Control
Mean
1.79
0.57
0.35
44
306
3.47
37.51
15.14
8.25
27.03
-100.60
0.79
1.48
0.64
0.15
55.60

Range
0.77-4.33
0.16-1.99
0.19-0.59
20-82
204-603
0.32-9.15
7.26-42.97
5.00-27.35
6.88-8.94
14.5-31.8
-3.9- -119.0
0.70-0.87
1.33-1.59
0.54-0.74
0.13-0.20
43.02-60.78

© by PSP Volume 23 – No 10. 2014

Fresenius Environmental Bulletin

TABLE 2 - EL-FAME composition (% of total FAs) and ratios of characteristic fatty acids in different sediment samples (Mean value ± SD)

FAs
Saturated
12:0
13:0
14:0
15:0
16:0
17:0
Branched
i15:0
a15:0
i16:0
i17:0
Monounsaturated(MUFAs)
16:1ω9
18:1ω9c
Cyclopropane
cy17:0
cy19:0
Saturated/MUFA

Background

Rhizosphere

Non-rhizosphere

Control

3.64±0.02
2.47±0.00
8.77±0.20
3.93±0.01
30.25±0.06
4.22±0.02

3.34±0.11
2.53±0.06
8.36±0.71
3.73±0.09
29.84±0.27
4.53±0.15

4.11±0.32
-7.34±0.05
4.57±0.02
23.82±0.06
6.14±0.00

3.61±0.33
2.59±0.14
8.48±0.08
6.23±0.64
32.07±2.46
4.73±0.24

4.92±0.06
4.12±0.08
3.31±0.09
4.34±0.03

5.60±0.20
4.61±0.32
3.68±0.13
4.66±0.18

5.59±0.09
4.88±0.09
4.63±0.01
6.40±0.03

6.32±0.64
5.45±0.64
3.66±0.24
4.47±0.28

16.72±0.06
6.08±0.22

13.94±1.53
6.43±0.05

11.80±0.05
7.77±0.07

7.41±2.31
6.56±0.44

4.09±0.02
5.00±0.01

4.29±0.16
5.36±0.18

6.05±0.00
7.58±0.03

4.42±0.42
5.12±2.97

2.56±0.20

2.33±0.01

4.16±0.25

(i15:0+a15:0)/16:0
0.34±0.01

MUFA /Branched (Gram-/Gram+)

0.91±0.91
--: not detectable; Only FAs with the % of total FAs greater than 1% were given;

0.44±0.01

0.37±0.00

1.11±0.10

0.73±0.04

100

Relative abundance of FA groups(%)

Rhizosphere

Non-rhizosphere

Control

80

60

40

20

0

Saturated

Branched

MUFA
(Gram )

+
(Gram )

Cyclopropane
Anaerobic

FIGURE 1 - Relative abundance of FA groups in the different sediment samples

Based on the EL-FAME profiles, the ratios of saturated to monounsaturated FAs, the sum of iso and anteiso
fatty acids of 15:0 to 16:0 ((i15:0+a15:0)/16:0), monounsaturated to branched FAs (Table 2), and Shannon-Wiener
diversity index (Table 3) were calculated.
It was observed that the ratio of saturated to monounsaturated FAs in control was significantly higher than

those in the sediments with C. demersum restored (both in
rhizospere and non-rhizospere sediment). (i15:0+a15:0)/
16:0 in non-rhizosphere sediment was significantly higher
(Independent Sample t-Test, P<0.05). And the highest ratio
of monounsaturated to branched FAs was also detected in
non-rhizosphere sediment (Table 3), but there were no significant differences among all the samples. The ShannonWiener diversity index was the highest in non-rhizosphere
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sediment, followed by control and rhizosphere sediment,
and the Independent Sample t-Test results indicated that
there were significant differences between them (P <
0.05).
TABLE 3 - Shannon-Wiener diversity index in the different sediment samples
＇

Shannon-Wiener Index (Hb )
Rhizosphere
Non-rhizosphere
FAMEs*
2.33±0.015
2.41±0.007
* Mean value ± SD
Method

Control
2.38±0.003

4. DISCUSSIONS
Some researchers identified that macrophytes can release easily degradable organic compounds (root exudation) and increase oxygenation into the sediment through
radial oxygen loss (release of oxygen from roots), which
could affect sediment microbial communities [26-27].
Karjalainen et al. (2001) found that microbial biomass
and bacterial activity increased significantly due to the
presence of submerged macrophytes [28]. Hanse et al.
(2000) reported the stimulation of microbial processes in
the rhizosphere of Zostera capricorni vegetated sediment
[29]. Germ & Simčič (2011) reported that Myriohpyllum
spicatum and Ranunculus circinatus had a clear relationship with sediment microbial activity [30].
It is well known that PLFAs are a component of living cell membrane, thus, information gained from measured PLFAs could provide a powerful insight to the microbial community since different microbial communities
produce distinct PLFAs patterns. The results of this study
showed that relative abundance of the various FAs in the
three sediment samples was obviously different. The
Independent Sample t-Test showed that the relative abundance of saturated FAs in non-rhizosphere sediment was
significantly lower than that in rhizosphere sediment;
however, the relative abundance for cyclopropane FAs in
non-rhizosphere sediment was significantly higher than
those in rhizosphere and control sediments. These data
elucidated that submerged macrophytes C. demersum
could influence the sediment microbial community, and
the exact effects were different on the rhizosphere and
non-rhizosphere sediments. The observations of Parkes
and Taylor (1983) indicated that cyclopropyl fatty acids
were more indicative of anerobic bacteria than that of
aerobic bacteria [31]. Therefore, there were relatively
more anaerobic bacteria in the sediment with C. demersum colonization, especially in the non-rhizosphere sediment. These suggested the amount of oxygen consumed
for organic matter degradation was far in excess of that
released from the C. demersum roots, and the oxygen
from macrophytes roots released mainly around the
rhizosphere, may lead to the phenomenon.
Cόrdova-Kreylos et al (2006) found some specific
PLFAs or/and ratios of PLFAs were altered in response to
environmental or chemical stresses. The monounsaturated

group was a sensitive and general indicator of higher
substrate availability [20]. Other researchers reported that
the ratio of normal saturated to monounsaturated PLFAs
as an indicator for evaluating communities and environmental conditions, may indicate substrate availability [3233]. In the study, the monounsaturated FAs which represent Gram- bacteria [34], were relatively abundant in the
sediment with C. demersum present (Fig. 1), also the
ratios (Saturated/MUFA) in the sediments (rhizosphere
and non-rhizosphere) were both significantly lower than
that in control sediment (P < 0.05). These inferred that
nutrients were more easily available in the sediment with
macrophytes recovery. Possible explanations include: 1)
C. demersum growth could promote the decomposition of
various nutrients in the sediment (Table 1); 2) C. demersum could release some easily degradable organic compounds which were able to be utilized by the microorganisms.
The ratio of Gram-/Gram+ bacteria could be used to
assign the response of bacteria communities to variation
in environment conditions such as temperature, pH, O2 or
carbon content [35-36]. The increasing Gram-/Gram+ ratio
in the sediment with C. demersum demonstrated a shift in
composition from a Gram+ to a more Gram- dominated
bacterial community. Several studies have also documented that an increase in Gram- bacteria indicative fatty
acids with an increase of amount and quality of available
nutrients [37-39]. As a consequence, the result further
confirms that nutrients were more easily available in the
sediment due to C. demersum growth.
Significantly higher ratio of (i15:0+a15:0)/16:0 in
non-rhizosphere sediment was detected in the study, while
it was lower in rhizosphere sediment than that in control.
It is usually considered that the sum of iso and anteiso
fatty acids of 15:0 to 16:0 could indicate the proportions
of the bacteria in the sediments [40]. Therefore, we could
conclude that there was an increase in the abundance of
bacteria in non-rhizosphere. The similar phenomenon was
also found by Paul and Clark (1996) that in the
rhizosphere soil harbored a great diversity of microbial
forms with proportionately more bacteria [41]. It is noteworthy that the abundance of bacteria in the rhizosphere
decreased. Furthermore, the Shannon-Wiener diversity
index (
of microbial community was significantly
higher in non-rhizosphere sediment, while in rhizosphere
sediment it was significantly lower. All these data support
that C. demersum restoration resulted in rhizosphere
sediment microbial low diversity and established more
diverse microbial community in non-rhizosphere sediment. Root exudations and oxygen released in the root
zone may account for the diversity differences. However,
the exact mechanisms need further research.
In summary, the sediment microbial community
shifted due to submerged macrophytes recovery, and the
varying regulation in the rhizosphere and non-rhizosphere
sediment were different. The presence of C. demersum
caused low microbial diversity in rhizosphere sediment
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and more diverse microbial community in non-rhizosphere
sediment. This study provides some better understanding
toward the influence of submerged macrophytes on sediment microbial community; however, the detailed mechanisms need further investigations.
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ABSTRACT
In this study, a total of 41 Escherichia coli strains
were characterized according to phenotypic properties,
whole cell and extracellular protein profiles, and randomly amplified polymorphic DNA (RAPD) method. The
strains were isolated from seawater and mussels collected
from 15 sampling sites in Sinop environs. The performing
biochemical tests confirmed that all native isolates belonged to E. coli species. A numerical analysis of whole
cell and extracellular protein profiles revealed that the
strains showed high similarity with each other. A numerical analysis of the DNA band profiles obtained by using
2 different primers of 20 E. coli strains was carried out by
using unweighted pair group method with arithmetic mean
(UPGMA) method. A dendrogram generated by using
RBM-6 primer revealed that 13 strains produced bands
divided into 2 major clusters at similarity levels of ≥12%.
However, a dendrogram generated by using COL-I primer
displayed that 14 strains produced bands scattered into
2 major clusters at similarity levels of ≥26%. As a result,
the numerical analysis of whole cell and extracellular protein profiles was enough for the differentiation of E. coli
isolates at the species level, but not at strain level; however, RAPD-PCR technique might be provide fast and
more useful discrimination at the strain level.

taste. The animals also may be contaminated during
processing, marketing and moving. In addition, they are
immobilizer and filter-feeding seawater organisms; for
these reasons, they accumulate several potential pathogenic bacteria and viruses in marine environment [1]. It is
well-known that bacterial contamination of seawater and
mussels is a serious public health problem.
Escherichia coli is the most important indicator for
the presence of pathogens in saline aquatic environments.
The members of the species are Gram-negative, rodshaped, facultative anaerobic, and they are only found in
the intestines of human and warm-blooded animals. There
are several pathogenic serotypes of E. coli that are capable
of causing diseases. These opportunistic pathogens include
enteroinvasive E. coli (EIEC), enterotoxigenic E. coli
(ETEC), entero-hemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), entero-aggregative E. coli and entero-adhesive E. coli strains when the presence in water
has been associated with fecal contamination and the
possible presence of enteric pathogens [2, 3].

Mussels (Mytilus galloprovincialis) are a very popular seafood in Turkey due to their nutritional content and

Microorganisms are capable of sudden change to phenotypic characteristics due to genetic mutations or environmental changes. Therefore, not only phenotypic tests,
but also different molecular techniques are used for the
characterization of microorganisms [4]. Different DNAbased analyses such as polymerase chain reaction (PCR)
are promising solutions of the problem in bacterial taxonomy [5]. RAPD has attracted remarkable attention in recent
years as a molecular typing method due to its usefulness,
sensitivity, flexibility, simplicity and relatively low costs.
This technique was successfully applied to the study of
genetic diversity in species and subspecies level of E. coli
[6, 7]. RAPD is also faster, reliable and effective with
regard to restriction fragment length polymorphism
(RFLP) and multi locus enzyme electrophoresis (MLEE)
in the discrimination of E. coli and other bacterial species
at the strain level [8].
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The aim of the present study was to determine the genetic diversity of E. coli strains isolated from seawater
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and mussel specimens of Sinop province in Black Sea
region of Turkey by using phenotypic properties, whole
cell and extracellular protein profiling, and RAPD-PCR
patterns.

2.2. Preparation of Whole Cell Proteins

2. MATERIALS AND METHODS
2.1. Collection, Isolation and Identification of E. coli Strains

In this research, a total of 40 isolates of E. coli isolated
from seawater and mussels collected from 15 sampling
stations in Sinop environs (Table 1), as well as 1 reference
strain (E. coli ATCC 25922) were characterized.
TABLE 1 - E. coli isolates and their stations according to months.
Month
May
May

June
June
June
June
July
July
July
July
July
July
August
August
August
August
August
August
August
September
September
September
September
September
September
September
September
October
October
October
October
October
October
October
July
July
July
August
August
August
S: Water, M: Mussel

ples were grown again on Eosine Methylene Blue (EMB)
(Merck) agar plates to be observed for green metallic sheen
production as confirmatory test. All isolates were identified
according to morphological, physiological and biochemical properties [9, 10].

Stations
1. Station
10. Station

Symbol

Isolate

1S1
1S10

1
2

5. Station
7. Station
8. Station
9. Station
1.Station
4. Station
5. Station
7. Station
8. Station
9. Station
1. Station
2. Station
4. Station
6. Station
7. Station
9. Station
10. Station
1. Station
4. Station
5. Station
6. Station
7. Station
8. Station
9. Station
10. Station
1. Station
2. Station
3. Station
4. Station
5. Station
8. Station
9. Station
2. Station
3. Station
5. Station
1. Station
2. Station
3. Station

2S5

3

2S7
2S8
2S9
3S1
3S4
3S5
3S7
3S8
3S9
4S1
4S2
4S4
4S6
4S7
4S9
4S10
5S1
5S4
5S5
5S6
5S7
5S8
5S9
5S10
6S1
6S2
6S3
6S4
6S5
6S8
6S9
2M2
2M3
2M5
3M1
3M2
3M3

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Whole cell protein samples were extracted as described by Berber et al. [11]. E. coli strains were activated
in LB broth for 24 h. For each strain, 100 µl was inoculated into 5 ml LB broth and incubated at 37 °C for 24 h.
Then, the samples were transferred into 1.5-ml Eppendorf
tubes. Each sample was centrifuged for 5 min at 12,000
rpm, and the collected pellet was washed 3 times with 100
ml normal saline. Then, 20 µl of SDS-sample buffer (0.06
M Tris-HCl, 2.5% glycerol, 0.5% SDS, 1.25% βmercaptoethanol) was added to samples and they were
stirred for good homogenization. The samples were kept
on a boiling water-bath for 5 min and denatured proteins
were stored at –20 °C until required.
2.3. Preparation of Extracellular Proteins

The extraction of extracellular proteins was carried
out according to the method described by Wessel and
Flugge [12]. Previously, the strains were activated and
incubated into LB broth. Then, 1.5 ml sample was transferred into an Eppendorf tube, and it was centrifuged for
5 min at 12,000 rpm. The culture supernatants were passed
through a cellulose acetate membrane filter (Sartorius) with
a diameter of 0.45 µm, transferred to an Eppendorf tube
and stored at –70 °C until electrophoresis was carried out.
Later, 400 µl methanol, 200 µl chloroform and 300 µl
distilled water were added; then, it was shaken and centrifuged for 5 min at 10,700 rpm. After centrifugation, the
supernatant was removed carefully, and after adding 300 µl
methanol, it was centrifuged again at 10,700 rpm. Subsequently, the supernatant was removed; the precipitated
proteins were dried at room temperature and stirred after
the addition of 20 µl of SDS-sample buffer. Afterwards,
the proteins were denatured in boiling water for 5 min.
2.4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

The collected specimens were prepared for planting
under aseptic conditions. The most probable number
(MPN) technique was used for detection of E. coli strains.
A loopfull of the positive tubes were inoculated to EC
broth (Merck) and incubated for 24 h at 44.5 °C. After
incubation periods, gas positive tubes were selected as
presumptive isolates of E. coli. Presumptive E. coli sam-

Soluble proteins were subjected to SDS-PAGE in gel
slabs of 1 mm thickness (4% stacking gel, for total proteins and extracellular proteins 10% and 12% resolving
gels) as described by Laemmli [13]. Electrophoresis was
performed with a discontinuous buffer system in a vertical
electrophoresis (Hoefer SE400 - USA) throughout 5 h, at
20 mA for stacking gel and 30 mA for resolving gel.
Protein molecular masses were calculated on the basis of
a comparison with a known standard (PageRulerTM Protein Ladder, Fermantas, SM0661, molecular weight range
10-200 kDa). After electrophoresis, the gels were stained
overnight with Coomassie Brilliant Blue R-250, and destained in a methanol-acetic acid-water (3:1:6) mixture
until protein bands became clearly visible. The gels were
stored in 7% acetic acid solution [14].
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2.5. Random Amplified Polymorphic DNA-Polymerase Chain
Reaction (RAPD-PCR) Fingerprinting

Extraction of Genomic DNA: DNA extraction of the
present isolates was done by using CTAB according to
the protocol described by Sambrook et al. [15] with slight
modifications. Purified DNA samples were suspended in
TE (pH 8.0).
PCR Reactions and Electrophoresis: RAPD was carried out with some modification. The PCR mixture (a
total of 50 µl) was composed of 10 X PCR buffer without MgCl2 (5 µl), 25 mM MgCl2 (3 µl), 10 mM dNTP
mix (1 µl), Taq DNA polymerase (5 U/µl, Fermantas)
(0.25 µl), distilled water (36.75 µl), template DNA (3 µl),
and the primers (Col-1 5’AAGAGCCCGT3’ and RBM-6
5’TTCGAGCCAG3’, Iontek-İstanbul) (100 pmol/µl) (1 µl).
The amplifications were done in Techne TC-5000
(California-USA) programmed for the first one cycles to
denature for 3 min at 94 °C, anneal for 1 min at 32 °C,
followed by primer extension for 1 min at 72 °C. Then, a
program for 30 cycles of 30 sec denaturation at 94 °C, 30 sec
of annealing at 32 oC and 30 sec primer extension at 72 °C,
followed by a final extension period for 5 min at 72 °C,
was run. A 1% agarose gel was prepared in 1X TBE and
mixed with 0.5 µg/ml of ethidium bromide. The gel was
transferred to electrophoresis, and it was well washed with
1X TBE buffer. Each sample was mixed with loading
dye, loaded into the gel, and 1 µl DNA marker (Fermantas) was loaded into one well. Then, samples were electrophoresed for 2.5-3 h at 80 V in 1X TBE buffer, and the
gel was photographed under UV transilluminator using a
Cleaver-MicroDOC, UK for documentation.
2.5. Statistical Analysis

Total molecular weights of each band were calculated
using the program of 1D Total lab Manual R11.1, UK.
The bands were determined according to pixel positions
after installing and running the program for gel images,
and then, molecular weights of the marked bands were
detected according to markers. Protein and RAPD-PCR
patterns were grouped by means of cluster analysis with
the unweighted pair group method using arithmetic averages (UPGMA), using Jaccard co-efficient with the Phoretix 1D-Pro (Total lab, UK) program.
3. RESULTS
In the present study, the presumptive E. coli strains
were isolated from seawater and mussel samples collected
from sampling stations in Sinop Peninsula. All isolates
were screened on account of the morphological and phenotypic characteristics, and according to applying biochemical tests the isolates were to members of E. coli
species [9, 10]. Our findings indicated that the strains
were Gram-negative, rod shaped and positive for motility,
catalase and nitrate tests as well as indol production and
methyl red, Eijkman and fluoresce tests and production of

acids from glucose, lactose, mannitol, fructose, galactose,
mannose, arabinose, xylose, maltose, trehalose, sorbitol
and sucrose for 21 strains (52%). However, they were
negative for Voges-Proskauer reaction, citrate utilization,
oxidase, DNase, H2S and urease production.
In the study, whole cell protein profiles producing
one-dimensional denaturing PAGE procedure were successfully used in the discrimination of a total of 41 E. coli
strains. Similarities in the profiles of all strains were
manifested by the existence of bands as molecular masses
between 120 – 44 kDa (Figs. 1a, b, c). On the other hand,
bands outside of the common bands were shown to be the
distinctive bands among E. coli strains. In addition, the
dendrograms (Figs. 1a, b, c) were also formed based on
the whole cell protein profile of all isolates by using Phoretix 1D-Pro programme. The first dendrogram (Fig. 1a)
consisted of 2 clusters, namely, Cluster A and B, at similarity levels between 72 and 100%. Cluster B was divided
into 2 sub-clusters (B1 and B2) at similarity levels between 88 and 100%. The second dendrogram (Fig. 1b)
consisted of 2 clusters, namely, Cluster C and D, at similarity levels between 87 and 100%. Cluster D was divided
into 2 sub-clusters (D1 and D2) at similarity levels between 92 and 100%. The third dendrogram (Fig. 1c) consisted of 2 clusters, namely, Cluster E and F, at similarity
levels between 78 and 100%. Cluster F was divided into 2
sub-clusters (F1 and F2) at similarity levels between 89
and 100%. The results of the study showed that E. coli
strains isolated from seawater and mussels are close to
each other at similarity levels of 89% or above in terms of
whole-cell protein profiles.
The extracellular protein profiles of a total of 32 E.
coli isolates are shown in Figs. 2a, b. The strains had
similar protein bands shown as molecular weights between 142.5 – 36 kDa. Although the protein banding of
all strains was very similar, there are some minor differences among the strains. In addition, the dendrograms
were generated for the numerical analysis of the extracellular protein profiles (Figs. 2a, b). The first dendrogram
formed 2 basic clusters (H and K) at similarity levels of
78% or above (Fig. 2a). The other dendrogram consisted
of 2 clusters (R and S) at similarity levels of 75% or
above (Fig. 2b).
In our study, a total of 20 E. coli strains (19 native
isolates and 1 reference) were also characterized according to DNA profiling produced by RAPD-PCR method. A
total of 13 strains produced the DNA fragments with
primer RBM-6. The molecular weights of the DNA bands
produced with RBM-6 primer were ranging from 3,500 bp
(base pair) to 985 bp (Fig. 3a). In addition, the amplification for COL-1 primer was seen in 14 strains. The molecular sizes of the generated DNA fragments by using COL1 primer were between 3,473 bp and 855 bp (Fig. 3b). All
bands generated from RBM-6 and Col-1 primers were
polymorphic. Dendrograms were constructed by UPGMA
based on Jaccard’s similarity coefficient by using Phoretix 1D program. In the first dendrogram, the isolates were
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(a)

(b)

(c)
FIGURE 1 - Dendrograms (a, b and c) based on the analysis of SDS-PAGE profiles of whole-cell of E. coli strains by UPGMA (K: E. coli
ATCC 25922).

(a)

(b)

FIGURE 2 - Dendrograms based on the analysis of SDS-PAGE profiles of extracellular E. coli strains by UPGMA (K: E. coli ATCC 25922).
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(a)

(b)

FIGURE 3 - Dendrograms based on analysis RAPD-PCR patterns of RBM-6 (a) and COL-1 (b) of E. coli strains by UPGMA.

separated into two major clusters (X and Y) at similarity
levels between 12 and 93%. The cluster X included 2 subclusters (marked as X1 and X2) at similarity levels of 27%
or above. The sub-cluster X1 consisted of 2 groups, namely,
X1(1) and X1(2), at similarity level between 38 and 93%
(Fig. 3a). The cluster Y had also only one strain numbered
by 29. In the other dendrogram, strains were scattered into
2 major clusters (P and Z) at similarity level between 26
and 100%. The cluster P comprised 2 sub-clusters (numbered by P1 and P2) at similarity levels of 33% or above.
Cluster Z had 4 strains numbered by 25, 26, 27 and 28,
and these strains shared similar (100%) genotype characteristics.
4. DISCUSSION
The opportunistic pathogenic strains of E. coli were
well-known as causative agents of gastroenteritis, diarrheal
infections, meningitis, urinary system infection, acidosis,
abdominal cramp and hemolytic uremic syndrome [2, 10,
16]. Among E. coli subspecies, prevalence of pathogenic
strains is quite high, and phenotypic tests used for detection of these strains are insufficient. Therefore, genotypic
methods like protein electrophoresis and PCR should be
used. So far, there were many reports on E. coli detection
associated with water and seafood.
In this study, the physiological and biochemical tests
were successfully used to identify E. coli strains isolated
from seawater and mussels at the species level. Our findings confirmed that all tested strains showed no significant variation to applying standard tests at the strain level.
Traditionally, E. coli has been identified by metabolic and
other phenotypic characteristics which are labour-intensive
and time-consuming. However, the results of many previous studies indicated that phenotypic tests caused signifi-

cant inaccuracies in the discrimination of the members of
several bacterial genera [17, 18].
Several studies including whole-cell and extracellular
protein profiles have been used in characterization and
discrimination of E. coli strains isolated from various
sources [19-21]. The investigators proposed that wholecell and extracellular protein profiles were sufficient for
the differentiation at species level, but the differences
were inadequate at the strain level [11]. Berber et al. [11]
also reported that extracellular protein profiles provided
better distinction and information than whole-cell protein
profiles. According to our findings, both whole-cell and
extracellular protein profiles were completely consistent
with the phenotypes of the isolates. However, it was found
that extracellular protein profiles provided better distinction
than whole-cell protein profiles. Our findings were in
good agreement with studies cited above.
RAPD-PCR analysis revealed high degree of genetic
diversity for all identified bacteria with primers RBM-6
and COL-1. When the technique was compared with phenotypic tests, whole-cell and extracellular protein profiles,
it showed the highest ranging of percentage similarity as
well as genetic distance among the present isolates. The
data gathered from many researches showed that RAPDPCR was successfully applied to characterize E. coli strains
isolated from various sources. For instance, Fei et al. [22]
reported that the dendrogram obtained from the RAPDPCR patterns discriminated 38 EPEC isolates into 3 groups
at the similarity level of 40% or above, and the isolates had
high diversity. Kılıc et al. [23] determined that 32 E. coli
strains were genotyped by RAPD technique, and these
strains were scattered into 12 clusters at similarity level
between 0 and 100%. Kılıc et al. [24] notified that 48 E.
coli isolated from different poultry houses were typed by
RAPD (using primer COL-1) to detect the genetic differences, and the results of the study exhibited that there was
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great genetic heterogeneity among the strains. Salehi et al.
[8] indicated that 33 E. coli strains isolated from avian
were separated into 29 genotypes according to RAPD
method. Gomes et al. [7] studied 15 strains of E. coli
isolated from poultry by RAPD-PCR, and these strains
showed two major clusters at similarity 162 units or lower
according to Ward’s method. In our study, genetic distances among the present isolates according to primers
RBM-6 and COL-1 were found at percentage similarities
between 12 to 93% and 26 to 100%, respectively. It was
also found that E. coli strains isolated from mussels were
within the same clusters; however, they were genetically
close to the strains isolated from seawater samples (Figs.
2a, b). Furthermore, it was demonstrated that RBM-6
primer provided better distinction than COL-1 primer.
Our data are in coherence with the studies cited above.
In conclusion, the results of the study indicated that
the phenotypic characteristics and the numerical analyses
of whole-cell and extracellular protein profiles produced
by SDS-PAGE technique for the discrimination of E.
coli strains was enough at the species level. However, the
differences were insufficient at the strain level. In addition,
our findings suggested that RAPD-PCR method might
provide more useful, sensitive, reliable, and speeddistinctive information for the characterization of E. coli
strains isolated from seawater and seafood at the strain
level.
The authors have declared no conflict of interest.
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ABSTRACT
The concentrations of iron, manganese, zinc, copper,
lead, cobalt, cadmium, nickel and chromium in soil samples from Yahyali-Kayseri, Turkey were determined by
flame atomic absorption spectrometry (FAAS) after digestion aqua regia. The ranges for the analytes in the soil samples were found as 11.1-15.2 mg/g for iron, 0.6-1.1 mg/g
for manganese, 0.1-0.69 mg/g for zinc, 59.3-124.1 µg/g
for lead, 39.8-282 µg/g for nickel, 41.2-79 µg/g for chromium, 39.6-156.5 µg/g for copper, 14.3-24.4 µg/g for
cobalt, 5.9-10.5 µg/g for cadmium. The correctness of the
procedure was checked with analysis certified reference
materials and with addition-recovery tests to different soil
samples.

centration [18-22]. The concentration of metal ions in soil
are determined by several instrumental techniques such as
flame or graphite furnace atomic absorption spectrometry
(FAAS or GFAAS) [23, 24], inductively coupled plasma
optical emission spectrometry (ICP- AES) [25, 26] and
electroanalytical techniques [27]. There is obscurity acquirement about the actual concentration of trace and
heavy metals contamination in Yahyali-Kayseri region,
Turkey.
The aim of this pilot study was to investigate a
method for direct determination of Mn, Co, Fe, Zn, Cr,
Ni, Cu, Cd and Pb in soil samples from Yahyali, Kayseri,
Turkey by flame atomic absorption spectrometry (FAAS).
2. MATERIALS AND METHODS

KEYWORDS: Yahyali, Soil, Trace Elements, Atomic Absorption
Spectrometry.

1. INTRODUCTION
Industrial heavy metal contamination is a profoundly
environmental matter in both developed and undeveloped
countries in lately years. Plants, water and soil from our
environment have been suggested as bioindicators to follow
a diversity of pollutions in the ecosystem [1-7]. Growth
industrial facilities, traffic, agricultural, crowded cities
and domestic wastewater was included many ecological
variances consist in plant and soil as a result of human
activities [8-12]. On the other hand, heavy metals such as
cadmium, copper, lead, nickel, chromium, and mercury
may be present in soil from the major compound at the
time of soil constitutions. Soil absorb heavy metals in the
polluted river lake and rain water as well as ground water,
waste water and these will cause widely effect for vegetable and fruit growth [13]. Severely health interest because
of their toxicity and aggregation by organisms occur pollution of the aquatic environment with heavy metals [1417]. Trace elements may perform positive and negative
roles on the plant and human life very attached to the con* Corresponding author

2.1. Instrument

A flame atomic absorption spectrometer (Perkin Elmer
Model 3110) was used. All measurements were done in an
air-acetylene flame. The instrumental conditions were
adjusted according to the manufacturer’s suggestions. The
air/acetylene flow rates and the burner height were adjusted
to provide the maximum analytical signal. The water used
was purified using a Human model RO 180 (HUMAN
Corp., Seoul, Korea) purification system, which resulted
in the water having a conductivity of 1 µS cm−1.
2.2. Solutions

All reagents were of analytical reagent grade. All the
plastic and glassware were cleaned by soaking in 10%
HNO3 solution and then rinsed with water prior to use.
The standard solutions of analyzed elements were prepared
by diluting a stock solution of 1000 mg/L of stock solutions
of them. The certified reference materials were HR-1
Humber river sediment and SRM 2710 Montana Soil.
2.3. Sample collection

Soil samples were collected from Yahyali-Kayseri
which is important agricultural area for Kayseri City. The
samples were transferred to the laboratory. The soil samples were dried at 105 oC for 24 h. The dried samples
were grinded, packed in small pre-cleaned polyethylene
bottles and kept at room temperature until analysis.
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2.4. Digestion Procedure

Digestion of soil samples (1.0 g) and HR-1 Humber
river sediment and SRM 2710 Montana Soil (0.3 g), five
parallel were weighed and drying for a period at 120 0C,
each sample was placed into an Erlenmeyer flask, 12 mL
of HCl (37 %) and 4 mL of HNO3 (65 %) were added and
heated to dryness. This method was applied twice. The
digested samples were dissolved in 1 mol L-1 HNO3 and
distilled water. Solution were filtered through a blue band
filter paper and then diluted up to 10.0 mL with distilled
water in volumetric flask. The same procedure was applied for blank samples. Mn, Co, Fe, Zn, Cr, Ni, Cu, Cd
and Pb were determined by flame AAS.
3. RESULTS AND DISCUSSIONS
Analyte metal ions were spiked to soil of Kocahacili
to estimate the accuracy of the study. The founded results
are shown in Table 1. Good agreement was achieved
between the added and found metal ions content using the
presented method.
The digestion procedure presented was validated by
analysis of certified reference materials (SRM 2710 Montana Soil and HR-1 Humber river sediment) for accuracy
and precision. The results are given in Table 2. The

achieved results found were in good agreement with the
certified values of certified reference materials.
The trace metal concentrations of seven soil samples
from Yahyali were determined by FAAS after digestion
method. The levels of metal ions in soil samples are
summarized in Table 3.
FAO proposed a maximum limit for cobalt in soil as
0.2 µg g-1. Cobalt is a part of B12 vitamin that is required
for humans [19]. Cobalt levels in soil samples were from
Yahyali region between 14.3 and 24.4 µg/g (Table 3).
Chromium is necessary for the regulation of blood
sugar. The estimated and safe daily intake for chromium
is 50–200 µg/g [25, 26]. The minimum and maximum
chromium concentration in soil samples from Yahyali
ranged were determination to be 41.2 µg/g (Kocahacili)
and 79.0 µg/g (Derebag), respectively. European Union
Standards (EU 2002) recommends a safety limit for
chromium in soil as 150 µg/g [28].
European Union Standards (EU 2002) declared a
maximum limit for Cd in soil as 3 µg/g [28]. In this work,
cadmium levels of all soil samples had higher values
above that limit. The concentration for Cd found to be in
the range of 5.9-10.5 µg/g.

TABLE 1 - Addition/recovery test for a soil sample from Kocahacili, Yahyali-Turkey

Cd

Pb

Ni

Co

Cu

Added, µg
0
10
20
0
10
20
0
10
20
0
10
20
0
10
20

Found, µg
5.9±0.1
15.6 ± 0.7
24.9± 1.0
59.3±2.1
68.7 ± 1.9
77.9 ± 1.9
39.8±1.2
49.4 ± 1.7
58.8 ± 1.8
14.3±0.8
23.9±0.9
33.1±1.0
56.2±1.8
65.7 ± 1.9
75.6 ± 2.1

Recovery, %
97
95

Cr

Zn
94
93
Mn
96
95
Fe
96
94

Added, µg
0
10
20
0
2
5
0
2
5
0
2
5

Found, µg
41.2±1.2
50.8 ±1.4
60.2 ± 1.5
0.1±0.01*
2.08 ± 0.09
5.1 ± 0.2
0.7± 0.1*
2.66 ± 0.2
5.55 ± 0.2
11.1±0.2*
13.1 ± 0.3
16.1 ± 0.5

Recovery, %
96
95
99
100
98
97
100
98

95
97

* mg

TABLE 2 - Analysis of the certified reference materials

Element
Cd
Co
Cu
Fe
Mn
Ni
Pb
Zn

HR-1 Humber river sediment
Our value
Certified value
(µg g-1)
(µg g-1)
4.3
4.0
13.0
12.8
78.5
75.3
3.10 %
3.00 %
514
498
38.5
37.1
144
135
1108
1061

Recovery
%
93
98
96
97
97
96
94
96

2489

SRM 2710 Montana Soil
Certified value
Our value
(µg g-1)
(µg g-1)
21.8
20.9
2950
2773
3.38 wt.%
3.24 wt.%
1.01 wt.%
0.98 wt.%
14.3
14
5532
5225
6952
6674

Recovery
%
96
94
96
97
98
95
96
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TABLE 3 - The levels of trace elements in soil samples, N=3

Element
Fe (mg.g-1)
Cr (µg g-1)
Zn (mg.g-1)
Mn (mg.g-1)
Cu (µg g-1)
Pb (µg g-1)
Co (µg g-1)
Ni (µg g-1)
Cd (µg g-1)

Concentration
Derebağ
13.3±0.7
79.0±3.0
0.24±0.02
1.1±0.1
49.5±1.5
110.1±3.7
24.1±1.9
82±3
8.2± 0.2

Mustafa bey
13.1±0.7
56.6±2.7
0.18±0.01
0.9±0.1
109.0±4.0
113.2±3.9
20.7±1.4
64.1±2.9
8.5±0.3

Fetullah
11.7±0.2
43.3±1
0.19±0.01
0.6±0.01
39.6±1.4
121.2±4.1
24.3±2.1
71.2±3.2
10.5±0.5

Kocahacili
11.1±0.2
41.2±1.2
0.1±0.01
0.7± 0.1
56.2±1.8
59.3±2.1
14.3±0.8
39.8±1.2
5.9±0.1

Lead is a largely caused environmental poison. The
lowest and highest contents of lead for soil samples in
Yahyali were obtained to be 59.3 µg/g for the Kocahacili
sample and 124.1 µg/g for the Kirazli sample. In all soil
samples had below values above the maximum limit (250
µg/g) according to European Union Standards [28].
Iron is abundant in human body. Iron-proteins are
present in all living organisms. The color of blood is due
to the hemoglobin, an iron-containing protein. Iron concentration in soil samples from Yahyali ranged between
11.1-15.2 mg/g (Table 3).
Copper was the most abundant element in the investigated soil samples. Copper is necessary to all living organisms as a trace mineral. The range of copper in soil
samples fron Yahyali was 39.6-156.5 µg/g. Minimum level
of copper was found in Fetullah soil sample (39.6 µg/g),
and maximum level in Kirazli soil sample (156.5 µg/g).
European Union Standards (EU 2002) recommends a
safety limit for copper in soil as 140 µg/g [28].

Kirazlidere sediment
15.2±0.6
66.7±2.8
0.23±0.01
0.8±0.1
54.1±1.7
108.4±2.7
24.0±1.9
91.3±4.1
7.9±0.2

Kirazli
14.3±0.5
69.2±3.1
0.69±0.02
0.9±0.0
156.5±3.2
124.1±4.3
23.8±1.9
282±11.2
8.6±0.3

Yerköy
12.8±0.4
59.1 ±2.1
0.14±0.0
0.8±0.1
51.4±1.6
63.4±2.5
24.4±2.2
62.3±2.7
8.3±0.2

had below values above the maximum limit (150 µg/g)
according to European Union Standards.
4. CONCLUSION
In this pilot study for soil samples from Yahyali,
Kayseri, the levels of analyzed elements were generally
lower than permitted level of European Union Standards.
The level of Ni in Kirazli soil samples was found to be
higher than the permitted level in soil by European Union
Standards. The heavy metals levels may increase due to
ground of chromium, iron and copper mine. Trace metal
pollution in soil is a great health threat to living organism.

Manganese function as cofactors for a large variety of
enzymes with many functions (30). The concentration for
manganese found to be FAO proposed a limit for Mn in
soil as 0.2 µg/g [29]. Manganese contents of the soil samples from Yahyali were in the ranges of 1.1-0.6 mg/ g.
The results are summarized in Table 3. The maximum
concentration of manganese was founded in Derebağ as
1.1 mg/ g.
Zinc is an essential mineral of "exceptional biologic
and public health importance" [31-33]. The range of zinc
in soil samples fron Yahyali was 0.1-0.69 mg/g. Minimum level of zinc was obtained in Kocahacili soil sample
(0.1 mg/g), and maximum level in Kirazli soil sample
(0.69 mg/g). European Union Standards (EU 2002) declared a safety limit for zinc in soil as 0.3 mg/g [28].
Nickel plays important roles in the biology of microorganisms and plants [34-36]. Nickel sulfide and dust are
carcinogenic. The lowest and highest contents of lead for
soil samples in Yahyali were obtained to be 39.8 µg/g for
the Kocahacili sample and 282 µg/g for the Kirazli sample. Concentration of nickel in Kirazli soil samples had
above values the maximum limit (0.2 µg/g) according to
European Union Standards [28]. In all other soil samples
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ABSTRACT

1. INTRODUCTION

The concentrations of 39 mono- to hepta-BDEs in water, sediment and shellfish samples were detected from
rivers and offshore aquaculture environments near e-waste
recycling regions. In water samples, the ∑PBDEs ranged
from 15.44 to 37.51 ng/L, with a mean value of 25.55 ng/L
in the three rivers water, and 14.85 ng/L to 25.07 ng/L,
with a mean value of 19.96 ng/L in seawater, respectively.
In the sediment, the ∑PBDEs ranged from 9.66 to 613.74
ng/g (dry weight, abbreviation: dw), with a mean value of
222.93 ng/g (dw) in the river sediment, and 10.01 to
21.53 ng/g (dw), with a mean value of 15.83 ng/g dw in
the offshore aquaculture environment sediment, respectively. Similar to the water samples, the higher levels of
PBDEs were observed in sediments of N5, N6, N7, N8
and N9 samples, near the e-waste recycling factories in
Taizhou. In shellfish, the highest ΣPBDE39 level (dw) was
detected in Sinonovacula constricta (66.26 ng/g), followed
by Scapharca subcrenata (60.68 ng/g), mactrae (51.75
ng/g), and Tegillarca granosa (46.27 ng/g). The concentrations of PBDEs were mainly composed of mono- to
tetra-BDEs in water, sediment and shellfish. Higher than
80% of total ∑35PBDEs concentrations in the water samples were mono- to tetra- BDEs. The mono-BDEs were
38.82, 27.04, 46.25, 48.13, 37.44, 40.85 and 44.56% of
total PBDE concentrations in river water, seawater and four
kinds of shellfish (Sinonovacula constricta, Scapharca subcrenata, Mactra species, and Tegillarca granosa), respectively. These bromine compounds’ congeners of low molecular weights may be formed through metabolic debromination of the high molecular-weight PBDEs.

KEYWORDS: Polybrominated diphenyl ethers; low molecular
weights; e-waste

* Corresponding author

Brominated flame retardants (BFRs) are widely added
in a variety of electronic and electrical products, such as
refrigerators, washing machines, mobile phones, personal
computers, printers, and television sets, to improve their
resistance [1]. Being not covalently bound to the materials,
they are leached into the environment during use, following
disposal, or during recycling of the related BFR-containing
products. Polybrominated diphenyl ethers (PBDEs) are a
main component of BFRs and because of the typical lifespan of products, such as mobile phones, computers, and
television sets, they end up as e-waste [2]. Consequently,
the waste stream of obsolete electrical and electronic products, commonly called “e-waste”, is vast and growing, with
estimates of 20–50 million tons per year being generated
world-wide (Greenpeace Research Laboratories, 2007).
PBDEs are also a class of highly toxic and recalcitrant
environmental contaminants that tend to bioaccumulate
across trophic levels of food webs [3]. PBDEs have raised
global public health concerns, and were recently included
in the U.S. Environmental Protection Agency's “Chemicals of Concern” list and the United Nations Persistent
Organic Pollutants (POPs) list. The European Union has
banned the use of commercial penta-BDE and octa-BDE
mixtures in 2004. These two BDE mixtures were later
banned by the State of California in the United States of
America (USA) in 2008, and are no longer manufactured
in the USA [4]. However, no such restrictions are currently in place in China. According to the report “Recycling from e-waste to resources” released by the UNEP,
China produced about 2.3 million tons of e-waste in 2010,
second only to the United States, which produced about
3 million tons [5]. Because of its economic attractiveness,
the e-waste recycling industry has boomed in China in the
last few years. It is estimated that as much as 70,600 tons of
PBDEs are annually imported to China in the form of ewaste [6]. Presently, Guangdong Province of South China
and Zhejiang Province of East China are two regions with
the most intensive e-waste recycling activity, mainly due
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to their convenient locations for importation. E-waste
recycling resulted in serious pollution by heavy metals,
polychlorinated biphenyls (PCBs) and PBDEs in these
regions [7, 8].
Previous studies showed several similar characteristics: (1) PBDEs pollution is a common no point source
pollution type. The PBDEs were found in some environments, especially e-waste recycling regions. For example,
the concentrations of PBDEs in the atmosphere, soils,
sediment, animals, milk, blood, leaves, and vegetables
collected from the e-waste recycling regions were higher
than those at other places [9-11]. (2) There were high pollutant concentrations in the environment; for example, research has shown that the soils in e-waste sites in Guiyu of
China are polluted by PBDEs with total concentrations of
2720-4250 ng/g dw in the surface soils at acid leaching
sites [12]. (3) Pollutant transmission distance is long.
Variance in PBDE concentrations (0.46–399.93 ng g-1 dw)
in the leaves showed that PBDEs from the e-waste recycling area diffused into the surrounding regions, and resulted in a ring of PBDE contamination, at least 74 km in
radius [13]. The transport of BDEs from an e-waste recycling village in Taizhou via the atmosphere resulted in the
occurrence of PBDEs within a radius of 75 km [14]. High
molecular weight PBDEs, especially the 10 bromine compounds, have a good chemical and thermal stability, and
researchers have focused a lot of attention on their environmental effects [10, 15].
The low molecular weight PBDEs in river and offshore aquaculture which have rarely been reported are
also considered to be strong sinks of PBDEs. In fact, high

molecular weight PBDEs could be degraded to low molecular weight PBDEs by microorganisms. Many experiments have been conducted on potential remediation technologies [16-18]. The objective of the present study was to
evaluate the concentration and characteristics of low molecular weight PBDEs in water, sediment and shellfish in
river and offshore aquaculture environments near an ewaste recycling region. The contaminants from the e-waste
dismantling could flow into the East China Sea through
three major rivers. This study evaluated the concentrations
of PBDEs in water, sediment and organisms collected from
rivers and offshore aquaculture environments near e-waste
recycling regions in Taizhou. It provides scientific references for the e-waste recycling industry and develops a
rational analysis for utilizing offshore resources.

2. MATERIALS AND METHODS
2.1 Study area and sample collection

Water, river and offshore aquaculture sediment, and
biological samples were collected in August 2009. The
sampling sites were selected in three main rivers and offshore aquaculture environments near a large e-waste dismantling in Taizhou, China (Fig. 1). The wastewater from
the e-waste dismantling regions flow into the East China
Sea through these three major rivers. Overall, 10 stations
located in three major rivers, and 5 stations located in
offshore aquaculture environments were selected as the
sampling sites, with N5-N9 being located in the center of
the e-waste disassembly sites in Taizhou. The N11-N14

FIGURE 1 - The sampling sites
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sites are near the e-waste disassembly sites, and N15 is an
offshore aquaculture environment relatively far from the
e-waste dismantling regions. A global positioning system
was employed to identify the precise location of each station.
In every sampling process, all or some of the water, sediment, and four kinds of shellfish samples were collected
with two specimens, respectively. Water samples were
collected from 0.3 m below the water surface using 5-L
glass jars. Each surface sediment (0–20 cm) sample (about
1000 g) was collected using a grab sampler, and then placed
in pre-cleaned glass containers. Shellfish samples were from
the same natural seawater environment; feed and growth
were controlled. All samples were transported to the laboratory within 6 h of collection. Water samples were filtered using 0.45-µm membrane filtration and stored at 4 °C
prior to extraction within 3 days. The sediment samples were
then air-dried, ground, sealed in glass jars, and stored
at −20 °C for future use. We measured the weight of
each shellfish, which were then dissected and edible
portions taken with a clean stainless steel knife. The tissue
was packed in aluminum foil and dried in a vacuum freeze
dryer at −47 °C, and stored at −20 °C for future use.
2.2 Chemicals and instrumentation

The PBDE analytical standard solution was purchased
from Acros Organics (New Jersey, USA). The standard
contained three mono-BDEs (BDE-1, 2 and 3), seven diBDEs (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 (BDE85, 99, 100, 105, 116, 119, and 126); five hexa-BDEs (BDE138, 153, 154, 155, and 166); and three hepta-BDEs
(BDE-181, 183, and 190). The concentrations of each
compound ranged from 1.5 µg/ml for the mono congeners
to 3.75 µg/ml for the hepta-congeners. The standard solution was used to construct a calibration curve, and to measure the recovery efficiency from spiked samples.
The silica gel (100–200 mesh) was pre-cleaned by
heating to and holding at 170 °C for 6 h in a shallow metallic enamel tray. Similarly, the anhydrous sodium sulfate was pre-cleaned by heating to and holding 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, USA) was used during all experiments.
An Agilent 7890 GC equipped with a 63Ni electron
capture detector and a capillary Agilent HP-5 column was
used to analyze the samples. Ultra-high purity helium was
used as the carrier gas. A rotary evaporator (RE-52AA)
was purchased from the Shanghai Kanghua Biology
Medical Instrument Factory (China) and used to concentrate the solutions.
2.3 Extraction and purification
2.3.1 Extraction of PBDEs from water samples

A 500-ml water sample and 15 ml chromatographic
purity n-hexane were added into the iodine flask, ultrasonically extracted for 60 min at 25 °C, and kept under

static state for 60 min; 15 ml organic extract was moved
into a 60-ml flask. The above process was repeated three
times. The organic extracts were merged and rotary evaporator-condensed to 2 ml for purification.
2.3.2 Extraction of PBDEs from sediment samples

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, 25 ml 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
10 min, after which 20 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 organic extracts were rotary evaporator-condensed to 2 ml for purification.
2.3.3 Extraction of PBDEs from organism samples

The shellfish samples were extracted by adding 3 g
(dw) of each sample to a glass flask, and then mixing the
sample with 2 g of anhydrous sodium sulfate. Next, 25 ml
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 15 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.
2.3.4. Purification of the extracts

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 helium. The PBDEs in
the samples were dissolved in 1 ml of pure n-hexane and
filtered through a 0.22-µm filter paper. The samples and
blanks were then analyzed using GC-ECD.
2.4 Chemical analyses

Chemical analyses were conducted using an Agilent
7890 GC equipped with a 63Ni electron capture detector
(GC-µECD). A HP-5 column (30 m × 0.32 mm × 0.25 µm)
was used for the PBDEs. The column oven temperature was
programmed to change from 120 °C (initial time) to 180 °C
at a rate of 15 °C per min. The temperature was held at
180 °C for 2 min, after which it was increased from 180
to 310 °C at a rate of 5 °C per min, where it was held for
5 min. The injector and detector temperatures were kept at
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sediment samples and the organisms ranged from 0.005 to
0.02 ng/g. The concentration of each congener was quantified using the external calibration method based on a 8points calibration curve for 39 PBDEs.

280 °C and 300 °C, respectively. High-purity helium was
applied as the carrier gas at 1.2 ml/min, and as the makeup
gas for the detector at 60 ml/min. Samples were injected
in splitless mode (1 µl, splitless time 0.75 min).
2.5 Quality control

3. RESULTS AND DISCUSSION

A solvent and procedure blanks (n =3), laboratory
blanks (n= 3), and duplicate samples (two for every outlet) were processed alternately throughout the sampling
analysis to ensure that the samples were free of contamination and the analyses were being conducted correctly.
The recovery efficiency for the PBDEs was between 72.1
and 109.4%. The method detection limit for water ranged
from 0.001 to 0.015 ng/L, while the detection limit for

3.1 Polybrominated diphenyl ethers in water

The concentrations of 39 mono- to hepta-brominated
PBDE congeners in water, sediment and shellfish samples
were detected. The PBDE39 concentrations and total PBDE
levels (∑PBDE39) in water and sediment samples are listed
in Table 1, and those of shellfish samples in Table 2.

TABLE 1 - The concentration of PBDEs in the water (ng/L) and sediment (ng/g, dry weight) samples.
medium

Water

Sediment

PBDE

1

2

3

10

11

8

15

30

32

35

1

1.03

1.23

1.97

-

0.14

1.37

1.28

-

0.05

2

1.17

2.55

3.32

-

0.11

0.79

0.21

-

0.25

3

0.88

7.79

3.72

-

0.08

0.70

0.30

-

No

75

49

47

99

183

190

∑PBDEs

1.01

-

1.45

1.50

0.22

-

0.61

16.98

0.54

0.51

1.25

4.36

0.24

-

0.63

18.64

0.62

1.12

0.44

0.81

2.53

0.36

-

0.65

22.95

4

1.67

2.23

3.41

0.02

0.37

1.43

1.19

-

1.04

1.96

0.50

2.00

2.70

0.50

-

0.39

24.30

5

2.19

8.20

3.12

-

2.02

0.70

0.60

-

0.77

2.12

1.54

0.82

3.16

0.49

-

0.97

30.94

6

2.13

8.62

4.23

0.14

2.33

0.54

2.30

-

0.10

1.36

0.87

1.74

3.19

0.45

-

0.76

37.51

7

1.75

2.49

7.17

0.17

0.76

0.51

0.32

-

0.64

1.03

0.02

0.96

4.62

0.61

0.64

0.76

29.65

8

1.11

1.69

7.09

0.02

0.42

1.02

1.75

-

0.43

0.83

0.08

2.64

3.24

0.54

0.01

0.75

26.31

9

1.84

3.59

6.88

0.01

1.71

1.31

0.80

-

0.53

1.23

0.47

1.84

4.25

0.60

0.02

1.26

32.79

10

1.10

1.67

3.35

-

0.15

0.21

2.64

-

0.24

1.12

-

1.00

0.33

-

-

0.27

15.44

in river,mean

1.49

4.00

4.43

0.03

0.81

0.86

1.14

-

0.47

1.23

0.44

1.45

2.99

0.40

0.07

0.70

25.55

11

0.22

0.30

6.18

-

0.15

1.76

0.41

-

0.06

1.10

0.25

2.48

0.67

0.27

-

0.95

19.91

12

0.33

3.49

-

0.27

0.15

1.81

0.17

-

0.42

1.15

0.30

3.28

0.65

0.16

-

0.89

18.48

13

0.20

-

3.59

-

0.15

1.80

2.79

0.07

1.31

0.69

-

3.04

0.80

0.65

-

0.82

21.49

14

1.83

1.98

2.91

0.09

0.14

1.99

0.63

0.19

1.18

1.44

0.57

4.22

0.80

0.49

-

0.44

25.07

15

0.07

5.88

-

-

0.11

-

-

-

0.65

1.05

2.09

1.06

0.50

-

-

0.99

14.85
19.96

in sea,mean

0.53

2.33

2.54

0.07

0.14

1.47

0.80

0.05

0.73

1.09

0.64

2.81

0.69

0.31

-

0.82

1

0.13

5.19

1.17

-

0.01

0.24

0.25

-

-

0.06

0.40

0.19

0.47

0.11

-

0.17

9.66

2

0.42

6.98

3.43

2.07

0.85

2.87

3.63

2.47

1.79

1.26

0.50

0.59

1.87

0.17

0.26

0.32

48.91

3

0.67

7.15

21.92

3.42

0.90

1.83

8.77

1.74

4.21

0.08

0.35

1.06

1.61

0.25

0.26

0.51

65.21

4

2.35

0.02

6.53

0.36

1.16

2.22

0.03

1.24

3.22

19.15

0.04

0.56

3.38

0.13

-

2.76

51.90

5

3.06

7.14

72.08

66.15

6.30

64.77

50.29

16.43

20.39

4.76

6.24

14.16

34.05

4.73

4.59

0.49

481.43

6

4.43

7.49

43.54

29.15

4.00

23.28

60.49

10.83

24.54

2.32

1.78

6.54

48.76

1.25

2.15

1.91

323.40

7

2.34

11.28

50.39

44.44

4.68

34.70

30.09

16.27

18.25

4.84

18.45

5.31

47.40

11.67

8.07

0.94

376.31

8

9.08

14.34

85.90

92.42

8.20

41.66

38.54

14.16

29.57

3.27

3.22

34.17

89.71

12.27

6.25

8.36

613.74

9

1.73

6.54

70.30

32.75

1.94

0.08

48.91

5.60

14.22

0.52

1.97

2.16

6.98

0.85

7.41

0.75

241.00

10

0.29

1.82

1.97

-

-

0.27

0.20

3.96

3.70

0.25

0.37

0.32

1.47

0.11

0.07

0.34

17.75

in river, mean

2.45

6.80

35.72

27.08

2.80

17.19

24.12

7.27

11.99

3.65

3.33

6.51

23.57

3.15

2.91

1.65

222.93

11

-

0.06

1.07

0.06

0.57

0.09

0.56

-

0.64

0.09

0.01

0.13

2.18

0.18

0.51

0.09

10.01

12

0.19

8.75

1.36

-

0.02

0.18

0.32

0.09

0.15

0.04

0.01

0.14

0.02

0.07

-

0.15

17.26

13

-

8.18

2.13

-

-

0.18

0.13

-

0.32

0.10

0.01

0.12

-

0.02

-

0.08

15.83

14

-

2.25

1.81

0.05

0.37

0.23

0.69

0.06

0.14

0.10

0.04

0.16

0.10

1.95

0.18

0.30

21.53

15

0.07

2.79

7.96

-

0.33

0.20

0.28

0.01

0.07

0.11

0.10

0.44

0.09

0.04

-

0.17

14.52

in sea,mean

0.05

4.40

2.87

0.02

0.26

0.18

0.40

0.03

0.26

0.09

0.04

0.20

0.48

0.45

0.14

0.16

15.83

- = not detected.
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TABLE 2 - The concentration of PBDEs in the organism (ng/g, dry weight) samples.
Medium

Sinonovacula
constricta

Mactrae

Scapharca
subcrenata

Tegillarca
granosa

PBDE
No
11
13
14
15
Mean
11
12
13
14
15
mean
12
15
mean
11
12
13
15
mean

1

2

3

10

11

8

15

30

32

35

75

49

47

99

183

190

∑PBDEs

5.22
0.80
1.17
7.07
3.57
1.39
2.19
1.58
1.30
2.44
1.78
1.19
1.00
1.10
4.64
5.14
2.59
1.39
3.44

6.18
22.55
27.10
0.03
13.97
1.34
4.67
1.24
2.63
3.58
2.69
18.45
219.23
11.00
14.13
16.48
12.67
13.57

18.79
8.57
11.82
18.25
14.36
13.59
10.67
23.27
15.11
11.86
14.90
6.75
2.18
4.46
3.05
4.99
2.69
3.71
3.61

0.39
0.17
1.04
0.40
0.05
1.24
1.00
0.46
0.05
0.59
0.32
0.25
0.25
0.12

1.30
0.85
0.66
2.56
1.34
0.33
1.66
0.20
1.01
0.64
1.96
5.16
3.56
0.89
1.12
1.05
1.78
1.21

1.21
0.86
1.95
1.77
1.45
0.92
0.56
0.93
0.60
0.74
0.75
1.74
2.31
2.03
0.27
2.52
0.58
1.10
1.11

1.67
1.22
0.66
0.84
1.10
1.22
0.58
4.74
2.19
5.57
2.86
1.92
5.19
3.56
0.95
1.50
0.94
0.82
1.05

0.77
0.34
1.97
2.62
1.43
0.30
1.60
1.05
5.36
1.66
1.04
1.71
1.38
2.05
3.20
1.08
1.02
1.84

4.72
1.81
8.49
4.42
4.86
2.22
0.87
6.16
5.55
7.73
4.51
4.81
2.94
3.88
6.74
4.73
1.61
0.23
3.33

2.57
2.61
0.83
6.87
3.22
1.94
1.99
4.67
3.47
0.95
2.60
8.47
3.29
5.88
1.77
1.67
1.29
0.52
1.32

0.12
0.29
0.09
0.14
0.16
0.36
0.06
0.05
0.36
0.17
0.23
0.41
0.32
0.18
1.17
0.17
1.32
0.71

1.49
1.13
0.71
0.77
1.03
2.49
2.03
0.08
2.10
1.34
1.58
1.04
1.31
1.78
2.59
0.58
1.22
1.54

3.09
0.57
0.25
2.02
1.48
3.50
0.52
1.96
2.06
3.26
2.26
1.07
2.32
1.69
3.39
3.09
2.76
0.27
2.38

1.17
0.18
0.12
0.36
0.46
1.06
0.35
0.08
2.04
0.71
0.46
0.27
0.37
0.71
0.55
0.45
0.43

0.04
0.07
0.03
0.04
0.32
0.07
0.08
0.07
0.07
0.53
0.13
0.17

3.70
1.93
3.23
6.27
3.78
0.78
1.24
4.41
1.51
0.71
1.73
1.67
2.17
1.92
3.34
2.93
3.23
2.81
3.08

71.60
50.46
72.17
70.81
66.26
39.85
36.23
69.72
47.19
65.74
51.75
59.37
61.99
60.68
42.90
62.39
41.58
38.20
46.27

- = not detected.

In water samples collected from the 15 sampling locations, except for BDE-77, 126, 154, and 155, all 35 BDEs
were detected in every site (Table 1). The ∑PBDEs ranged
from 15.44 to 37.51 ng/L with a mean value of 25.55 ng/L in
the three river water samples, and 14.85 ng/L to 25.07 ng/L
with a mean value of 19.96 ng/L in the seawater, respectively. The highest concentration of total PBDE35 was in
N6 (37.51 ng/L), followed in descending order by N9
(32.79 ng/L), N5 (30.94 ng/L), N7 (29.65 ng/L) and N8
site (26.31 ng/L), which are nearest to the e-waste recycling regions in Taizhou. The lowest concentration of
total PBDE35 was at N15 site (14.85 ng/L), which is an
offshore aquaculture environment, relatively far from the
e-waste dismantling regions in Taizhou. The PBDE congener distribution pattern was similar among these areas.
Higher than 60% of total ∑35PBDE concentrations in the
water samples were due to BDEs – 2, 3 and 47, whereas
those of BDEs – 2, 3 and 47 were 4.00, 4.43 and 2.99 ng/L
in river water samples, respectively. This result was consistent with those of Sacks et al. [19], who also found that
the di- and tri-brominated congeners were detected only
in surface water, and hexa-brominated congeners were
detected only in bottom water [19]. This result indicates
that the e-waste recycling industries could be responsible
for the PBDE contamination in local environments. Previous studies have also demonstrated that e-waste recycling is a significant source of PBDE contamination [20].
In the present study, the average of ∑35PBDEs in water samples was 25.55 ng/L in river water (samples collected in 2009), which were slightly lower than that
(53.81 ng/L) in the e-waste recycling regions in Taizhou
reported by Qin et al. [33] (Chen et al., 2011 [21]) (samples collected in 2007). The average of ∑35PBDEs in
water samples from the e-waste recycling regions in
Taizhou in two different periods were far greater than that
from the Pearl River Estuary (29.0 pg/L) reported by
Chen et al. [21], and from the Atlantic and the southern
ocean (2.19 pg/L) reported by Xie et al. [22, 23]. This

study indicated that there was a serious PBDE pollution in
the e-wastes recycling process. However, there was no
significant difference for the concentrations of PBDEs in
water samples from 2007 and 2010. Assuming that more
than 50 million tons of e-wastes were generated worldwide each year, and these plastics make up 10% of total ewaste weight (plastics make up ~23% of a computer
weight and 70% of the global wastes imported to China),
the amount of PBDEs entering China is estimated at about
35,000 metric tons each year [24]. Persistent organic
pollutants in the environment should increase with the
increase of the input. In the concentrations of PBDEs in
the river water and seawater, there was no significant
difference. However, it could also be partly degraded by
natural microbes [25, 26].
2.2. Sediment

From Table 1, the ∑PBDEs ranged from 9.66 to
613.74 ng/g (dw) with a mean value of 222.93 ng/g (dw)
in the river sediment, and 10.01 to 21.53 ng/g (dw) with a
mean value of 15.83 ng/g (dw) in the marine sediment,
respectively. The highest concentration of total PBDE35
was in N8 (613.74 ng/g), followed in descending order by
N5 (481.43 ng/g), N7 (376.31 ng/g), N6 site (323.40
ng/g), and N9 site (241.00 ng/g). Similar to the water
samples, the higher levels of PBDEs were observed in
sediments of N5, N6, N7, N8 and N9, all near the e-waste
recycling factories in Taizhou. The released PBDEs could
be easily congregated in river sediment by surface runoff
and atmosphere deposition due to the proximity of the
land-based contaminant inputs from those e-waste recycling areas [27]. The concentrations of PBDEs showed a
clear decreasing trend with the distance from the e-waste
recycling sites. It was obvious that the diffusion of
PBDEs from the point pollution source made a dominant
contribution to PBDE contamination in the surrounding
areas [13, 28]. The concentrations of PBDEs in the river
sediment were far higher than that in the marine sediment,
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which is an artificial aquaculture environment with seawater from an open side to the East China Sea. The concentrations of PBDEs were reduced in the exchange process between seawater in the aquaculture environment and
the East China Sea, which can influence the adsorption
capacity of the sediment [29]. On the other hand, it is suggested that the PBDEs in the river sediment were a typical
emission source from e-waste recycling activities. Compared with previous studies in this e-waste area of Taizhou,
the PBDE concentration was lower than that collected from
sediment of the e-waste recycling activities in Taizhou (a
total of 30 PBDE congeners ranged from 3000 to 3700 ng/g)
[29].
When PBDE levels in river sediment were compared
with those reported for other areas, they fell in the middle
range of previously reported data. For example, PBDEs in
river sediment in China are higher in areas, such as the river
in Wen’an (18.2-9889 ng/g) [30] and Dongjiang river (3.832517 ng/g) [31]. However, the concentrations of PBDEs in
surface layer sediment in rivers are lower in other areas, such
as Beijiang river (0.019-186.3 ng/g)[32] and Yangtze river
(2.08-3.89 ng/g) [33]. The results revealed that pollution
with PBDEs in the area was more serious than that in
soils from Chinese e-waste sites previously reported, such
as the Zhejiang (11.27-73.53 ng/g) [13] and the South
China Sea (0.40-789.49 ng/g) [34].
Different congener pattern profiles were observed in
river sediments collected from each sampling site, with
BDE-3 being the predominant congener, followed by
BDE-10, BDE-15 and BDE-47, with average values of
35.72, 27.08, 24.12 and 23.57 ng/g (dw), respectively.
The PBDE composition of the river sediment was generally similar to that of the marine sediment, which suggests
that e-waste is the major source of PBDEs in the studied
areas. However, some differences in PBDE homologue
patterns were apparent between the rivers and marine
sediment from the same sampling area, the most obvious
being that the levels of PBDEs in the river sediments
were markedly higher than those in the marine sediment.
This may have occurred because the congeners undergo
greater degradation and/or long-range atmospheric trans-

port to areas outside the e-waste dismantling zone. These
findings suggest that there is no difference in the transportability of higher and lower brominated congeners in the
short-range scale. However, the concentrations of BDE-3,
BDE-10, BDE-15 and BDE-47 at sites N5-N9 were greater
than those at other sites. These findings suggest that sites
N5-N9 are the major source sites of PBDEs, and that light
PBDEs are more degradable during transport. PBDE 47
was found to be one of the most abundant PBDE congeners. Many researchers have found similar results in soils
and sediment from other e-waste recycling sites [35, 36].
PBDE 47 has also been reported to be one of the main
isomers in commercial penta-BDE products, and this congener was also found to be the primary PBDE congener in
soils and organisms in the Taizhou area [10, 11].
2.3 Shellfish

The concentrations of 39 mono- to hepta-brominated
PBDE congeners in shellfish samples were detected. The
PBDE39 concentrations and total PBDE levels (∑PBDE39)
varied widely among shellfish samples (Table 2). The
highest ΣPBDE39 level (dw) was detected in Sinonovacula
constricta (66.26 ng/g), followed by Scapharca subcrenata (60.68 ng/g), Mactra species (51.75 ng/g), and Tegillarca granosa (46.27 ng/g). The shellfish grew in the
same environment and were fed primarily on the same
diatoms and organic debris. The concentration of pollutants in their bodies can help distinguish sources of pollutants input, and their accumulation capacity for pollutants.
The absorption abilities of shellfish on PBDEs in environment were, in order, Sinonovacula constricta >
Scapharca subcrenata > Mactra species > Tegillarca
granosa. It is worth-noting that the low molecular weight
bromides have a good absorption effect.
Comparison of the PBDE concentrations in the organisms herein with other areas in the world is shown in
Table 3. The PBDE concentrations were higher than that
of our previous studies [19]. In 2008, we measured 39
PBDEs congeners in four species of shellfish (Tegillarca
granosa, Cyclina sinensis, Sinonovacula constricta, and
Ostrea cucullata) that were collected downstream of e-

TABLE 3 - Concentration of PBDEs in shellfish from different areas (ng/g, dry weight).

Sampling site
San Francisco, USA [37]
Catalonia, Spaina [38]
Sydney Harbour, Australiab [39]
Bohai Bay, Chinac [35]
Laizhou Bayb [36]
Xiamen, China [40]
Tokyo Bay, Japanb [41]
Masan Bay, South Korea [42]
Bo Sea, China [43]d
Baiyangdian Lake, China [44]
Zhujiang,Chinad [45]

shellfish
BDE-28
47
66
99
100
153
154
183
congeners ∑PBDEs
Mactra
48.00
13.00 25.00
3
85.00
Mactra
0.07
0.06
0.02
0.01
0.01
0.02
6
0.19
Mactra
1.27
4.40 0.30 0.80
0.80
0.10
0.17
11
8.00
Mactra
0.01
0.034
0.023 0.005
11
0.09
Mactra
5.33
10.00
11
76.67
Mactra
0. 16
0. 18 0. 12 0. 12 0. 04 0. 05
0.04
0. 20
9
0. 96
mussel
2.49
10.73
6.57
1.75
0.16
0.18
6
14.77
mussel
0.47
10.30 0.63 7.04
0.36
0.29
0.47
<0.07
13
24.30
mussel
0.10
0.28 0.06 0.08
0.03
0.03
0.05
0.01
13
0.68
mussel
0.01
0.03 0.04 0.02
0.00
0.01
0.01
0.02
9
0.15
Tegillarca
0.03
0.39 0.05 0.04
0.08 0.006 0.02
7
0.74
granosa
Sinonovacula
0.12
0.31 0.08 0.17
0.02
0.03
0.29
9
1.31
constricta
a: fresh sample; b: Assuming 10% lipid and 70% water; c: Assuming 85% water; d: Assuming 1.7% lipid and 70% water. “-” not detected.
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FIGURE 2 - The percentage of mono- to hepta-BDEs in water, sediments and organisms.

waste recycling plants in Taizhou, China. The PBDEs
ranged from 545.4 to 1688.7 ng/kg ww, and the mean
concentration was 1382.6 ng/kg ww in shellfish. It shows
that the pollution in sample sites has an increasing tendency. When PBDE levels in shellfish were compared
with those reported for other areas, they fell in the middle
range of previously reported data. For example, PBDEs in
Mactra species in San Francisco [37] and Laizhou Bay
[36] were higher (85.00 ng/g and 76.67 ng/g, respectively). However, the concentrations of PBDEs in shellfish of other areas, such as in Tegillarca granosa from
Zhujiang Bay (0.74 ng/g, dw) [45], in Scapharca subcrenata from Dailian [35], and in Sinonovacula from South
China Sea [36].
2.4 Characteristics of PBDEs

The proportions of the different PBDEs in river water
(abbreviation RW), seawater (SW), river sediment (RS),
four kinds of shellfish Sinonovacula constricta (SC),
followed by Scapharca subcrenata (SS), Mactra (CMV),
and Tegillarca granosa (TG) are shown in Fig. 2. Except
for river sediment, the mean concentrations of monoBDEs in all sample sites or shellfish were highest, at
38.82, 27.04, 46.25, 48.13, 37.44, 40.85 and 44.56% of
total concentration of PBDEs, respectively. In river sediment, the mean percentage of di-BDEs was highest, at
34.18% of the total PBDE concentrations. It is worthnoting that the total concentrations of mono- to tetraBDEs were more than 80% of the total PBDE concentrations. However, PBDEs are manufactured largely as mixtures known as penta-, octa-, and deca-BDEs. They are
added to commercial products, such as plastics, textiles,
and electronic equipment, for fire prevention. The technical BDE mixtures mostly used in China are deca-BDEs,
followed by octa-BDEs and penta-BDEs. These bromine

compound congeners of low molecular weights may be
formed through metabolic debromination of the high
molecular weight PBDEs [17, 18]. Overall, these results
indicated that e-waste resulted in serious PBDE pollution
of sites N5-N9 and 3 neighboring rivers. These results
suggest that further studies are needed to determine the
sources of low molecular weight PBDEs near e-waste
recycling factories.
4. CONCLUSION
The concentrations of PBDEs were mainly composed
of mono- to tetra-BDEs in water, sediment and shellfish
collected from rivers and offshore aquaculture environments near e-waste recycling regions in Taizhou. Higher
than 60% of the total ∑35PBDEs concentrations in the
water samples were due to BDEs – 2, 3 and 47, and those
of BDEs – 2, 3 and 47 were 4.00, 4.43 and 2.99 ng/L in
river water, respectively. The proportions of mono-BDEs
were 38.82, 27.04, 46.25, 48.13%, 37.44, 40.85 and
44.56% of total concentration of PBDEs in river-water,
seawater and four kinds of shellfish: Sinonovacula constricta, Scapharca subcrenata, Mactra sp., and Tegillarca
granosa, respectively. These low molecular weight bromine compound’ congeners of PBDEs may be formed
through metabolic debromination of the high molecular
weight PBDEs.
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ABSTRACT
Conventional Soil Maps (CSM), used as the major
data source for information on the spatial variation of soil,
are limited in terms of both the level of spatial detail, and
the accuracy of soil attributes. These soil maps however,
contain valuable information on soil–environment relationships. If people do not use the information regarding the
soils and field data, then this useful information can be
lost. In fact, such knowledge can be evaluated by updating conventional soil maps through the use of available
high-quality data on environmental variables and data
analysis techniques. A version of the Geographic Information System (GIS) was used to update conventional soil
maps without additional fieldwork. The proposed method
in this research is an effective one in order to update conventional soil maps, and our findings present the benefits
of GIS in both agricultural area and environmental management. Updated maps are thus more accurate and useful
than using CSM. In addition, both detailed information on
the soils and field can be extracted from CSM, such as,
the soil texture and soil slope maps, etc. In this study,
seven different maps were produced from updating the
CSM of the study area via the GIS technique essentially
the sub-surface drainage, the surface drainage, the soil
slope, the surface soil texture, the physiographic unit, the
Land Capability Class (LCC), and the Taxonomic unit
maps. The obtained results were about distribution of the
soils and land characteristics after being updated of the
CSM in the study area. Slope classes are A, Ar, A-Ar and
Ar-B. The distribution of the slope classes in the study
area were 42, 34, 2 and 9%, respectively. There were two
rated groups of surface soil texture; 2% (CL, SCL, SiCL)
and 85% (C, SiC, SC). We determined two classes of subsurface drainage which were “well” and “poor”, and the
proportions were 73% and 14%, respectively. Base land
(0.7%), river bank (0.3%) and terrace (86%) were the main
* Corresponding author

physiographic units of the stage farm. The fields used in
the study area were arable lands, which were II. and III.
classes according to the LCC and their distributions were
5 and 82%, respectively. Finally, Chromic Haploxerert
(19%), Typic Haploxerert (67%), Typic Calcixerert
(0,7%) and Vertic Haploxeroll (0,3%) were identified
according to the Soil Taxonomy.

KEYWORDS: Updating soil map, Geographic information system,
Land capability class, Soil classification

1. INTRODUCTION
Population density is increasing rapidly throughout the
world. This increase is caused by faulty and unplanned
developments in the rapid depletion of natural resources.
Thus, ensuring those food requirements are met and also
the sustainability of agriculture, the protection of the environment for future generations, and the recognition of the
right to life are essential. Agricultural areas in the world
are rapidly declining. There is an urgency for non-agricultural uses in agricultural areas to be taken under control.
For this, fast and effective methods are needed [1]. Remote
sensing (RS) is a very useful method for many researchers.
RS applications have been utilized in many different fields:
analyzing land-use changes in various parts of arid environments [2], the assessment of human impact on the
fragile ecosystem of arid environments [3], the determination of chlorophyll-a [4], monitoring agricultural land
changes [5], oil spill detection [6], the remote sensing of
coral reefs [7], and the remote sensing of suspended sediment [8].
New technologies and methods are now being used in
soil surveys. As indicated in the paper on “The Determination of Grasslands Using Landsat (TM) Data and the
Monitoring of the Change by Years Using GIS with Spe-
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cial Reference to the Kars Province in Turkey” [9], two
Landsat satellite images with two different dates (1984
and 2005) were used to investigate changes in grassland
over a 21 year period. Minasny and McBratney [10],
specified two stages for their research on “Methodologies
for Global Soil Mapping”. The first stage involved a set
of methodologies based on legacy soil data, and the second stage a set of methodologies to obtain new soil samples based on available information or soil data. Many
soil maps have been completed in the past by using conventional methods. These maps contain valuable information, but they are not renewable and cannot be used effectively. This information can be brought more up to date
and made more effective by using Geographic Information Systems (GIS). GIS are not only used in soil surveys,
but are also used effectively in many different disciplines.
For example, Fakir et al. [11] used GIS for the mapping
of flora and fauna in Isparta, Turkey. In addition, Zhu
[12] used GIS techniques to characterize soil formative
environmental conditions in the Soil Land Inference Model
(SoLIM) in the paper on “The Derivation of Soil Properties Using a Soil Land Inference Model (SoLIM)”. Many
educational institutions support the digital approach by
teaching its application and the use of digital soil data
with GIS [13]. Digital soil data can be both a powerful
tool for analysis efficiency and a cost-effective one when
the analysis involves specific research questions [14-16].
However, soil survey information can also lead to erroneous conclusions if used to answer questions the soil survey was never designed to answer [13].
Variability in soils is also found on a smaller scale
both within and between regions [13]. Turkey is a large
and populated agricultural country, with few arable lands.
It is wise to understand both the soil quality and its distribution, and to make full use of it, and thus keep the productivity of soil high in order to support the increasing
population. One of the most important aims of these state
farms is to be the leader when it comes to good agricultural practices. To fulfill this goal, state farms were established in Turkey, and have been in operation since the

1950s. There are 27 state farms in different locations in
Turkey, which in total cover an area of 3,432,202. These
state farms have their soil maps, but they were made according to conventional methods. Conventional soil maps,
as the major data source for information on the spatial
variation of soil, are limited in terms of both the level of
spatial detail, and the accuracy of the soil attributes.
These soils maps however, contain valuable information
on soil–environment relationships [17].
A number of researchers have studied the variability
of field-collected data [18-27]. We also have gathered
field-collected data from state farms in Turkey and these
are inline to be updated by using the GIS technique. Our
objective is to evaluate how a digital soil map can be reproduced from a Conventional Soil Map (CSM) by using
GIS without field work.
2. MATERIALS AND METHODS
The data used in this study includes CSM at 1/25000
scale, satellite images (SI) from Google Earth dated 2011,
and dated and physical-chemical analysis results of the
CSM report. The study area (Alparslan State Farm) is situated between the 41°29’ 31” and 41°40’ 35” East longitudes, and 38°51’ 41” and 38°45’ 27” North latitudes
(Fig. 1), and covers nearly 6970 hectares of land, 70 km
the west of Lake Van in Eastern Anatolia.
There are two types of soil maps: “point soil” maps
where the actual sample points are shown, along with
their soil class or one or more properties, and “area-class
polygon maps where the survey area is divided into polygons by precise boundary lines, each polygon being labeled with a class name, and each class in turn being
described in a legend. Most surveys produce maps showing the geographical distribution of soil classes or properties. These maps are of several types. The “area-class
polygon” map is the most common in soil surveys [28].

FIGURE 1 - Location map of the study area.
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We applied the “area-class polygon” map in our research to evaluate the usefulness of high-resolution satellite data and computer-aided GIS techniques in updating
the CSM. This methodology includes 5 steps (Fig. 2); to
select the reference points both on SI and CSM, geographic
correction via Erdas 10.1, is required to digitize the CSM
via ArcGis 10.1, input, and to produce special-purpose
maps of the area of study.

tures in ArcGis 10.1. Each spatial feature of soil and land
(roads, rivers, buildings, soil borders, etc.) of CSM is digitized in a layer of the ArcGis (10.1) software. 8 layers were
added and digitized at the end of this stage, such as subsurface and surface drainage, physiographic unit, CSM,
slope, LCC, soil texture classes and soil Taxonomy.

a

FIGURE 2 - Flow chart of the studying methodology.

The first step is to identify and note the same sites on
both the SI and CSM (Fig. 3). The coordinate values of
the sites were taken from SI as the reference values for the
same sites on the CSM. Erdas (10.1) software was used for
geographic correction process of CSM. Geographically
corrected CSM is then ready for the digitizing of its fea-

b
FIGURE 3 - A sample view of the study area for the same reference
sites both SI (a) and CSM (b).

FIGURE 4 - A sample attribute table of soil boundaries in ArcView for digitized soil map.
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The input of each layer is applied in the attribute table
of the ArcGis (10.1) software. Data (physical and chemical properties) are extracted from the attribute table of the
layers of the updated CSM (Fig. 4).
The final step is to use to produce special-purpose
maps from updated CSM in ArcGis (10.1) software. We
printed out 8 special-purpose maps after updating CSM.
3. RESULTS AND DISCUSSION
Updated soil maps are very effective and useful regarding soil data properties unlike CSMs because the map
units in updated soil maps by GIS can easily be displayed
and processed over time. Another important advantage is
being able to create special-purpose maps from CSM
(Fig. 5). Sub-surface drainage, surface drainage, slope,
surface soil texture, physiographic unit, LCC and taxonomic unit maps are produced as special-purpose maps
(Fig. 6 to 12) from updated CSM in this research. According to the special-purpose maps, there were two classes of
the drainage for both surface and sub-surface i.e. well and
poor (Fig. 6 and 7). Slope is not a decisive factor with soil
characteristics in the area of the study, because it is

mostly “A class” on the soil slope (Fig. 8). Medium (CL,
SCL, SiCL) and fine (C, SiC, SC) soil texture classes are
identified after processing by the updated CSM (Fig. 9).
Physiographic units in the study area are constituted from
base land, river bank and terraces. III. class of the LCC
was widespread, but II. class of the LCC was not common
in the study area. Surface soil texture, physiographic units
and LCC maps are similar in terms of distribution of
characteristics. Two soil orders are identified and displayed on the Taxonomic unit map of the study area, such
as Vertisols and Mollisols. Vertisols are common and
they have three sub-groups (Chromic haploxerert, typic
calcixerert and typic haploxerert), but Mollisols have only
one sub-group (Vertic haploxerol) in the area of study
(Fig. 12).
In general, land slope is a very decisive factor in soil
characteristics such as, soil depth, surface soil texture, etc.
The slope in the research area did not have effective properties for soil characteristics, being between 0 and 5%.
Classes of soil and land characteristics are very limited.
Therefore, sub-surface drainage, surface soil texture and
LCC have two classes of their properties, and soil depth is
not changeable in the study area.

FIGURE 5 - A sample sheet of the CSM of study area (state farm) before the GIS process.

FIGURE 6 - Sub-surface drainage of the study area after the GIS process. (Poorly drained)
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FIGURE 7 - Surface drainage map of the study area after the GIS process. (Poorly drained)

FIGURE 8 - Slope map of the study area after the GIS process.

FIGURE 9 - Surface soil texture map of the study area after the GIS process.
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FIGURE 10 - Physiographic unit map of the study area after the GIS process.

FIGURE 11 - LCC map of the study area after the GIS process.

FIGURE 12 - Taxonomic unit map of the study area after the GIS process.
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4. CONCLUSION
An update of the CSM is proposed through this study
as an innovative approach by GIS. This method has demonstrated its capabilities in exploring and extracting the
hidden properties of the CSM for establishing the target
special-purpose map and delineation of the contours of
features by using the data. This approach is found to be of
vital use in the updating of CSM and delineation of the
relationship between the soil and its properties. However,
the degree of success in the special-purpose soil map is
dependent upon the availability and quality of environmental data.
The updated soil map can be transferred into other
soil databases, and vice versa. If necessary, the updated
CSM can be renewed by subsequently using GIS. Another
important advantage of this updated CSM is having renewable data of the soil and land characteristics of the
study area. The methodology used in this paper is very
economical because of there being no requirement for
fieldwork. This methodology needs a qualified CSM to
create an updated soil map. Information on fieldwork in
the past was used for this updating methodology, and new
records can be added to the same database, if necessary.
Thus, we have an actual special-purpose soil map after
this new data input. All agricultural and non-agricultural
applications in the area of study can be planned according
to the special-purpose maps by the users. To make a plan
of any study area is very difficult, especially when the
area is large. However, using the updated soil maps with
GIS allows us to reduce both the duration and financial
outlay.
Current technologies in soil surveying stimulate the
improvement of the collection, storage, analysis, and
presentation of soil information. The digital era opens up
new opportunities to translate soil survey products into
others that are useful for a wide variety of users. Future
mapping activities should include the monitoring of soil
changes and the mapping of soil properties at a greater
resolution.
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BULK DENSITY AND AGGREGATE STABILITY IN
TECHNOSOLS DESIGNED FOR ECOLOGICAL
RESTORATION OF EXTRACTIVE ACTIVITIES
Manuel M. Jordán*, María A. Montero, Ernesto García-Sánchez and Fuensanta García-Orenes
Department of Agrochemistry and Environment (GEA-UMH). University Miguel Hernández- Avda. de la Universidad, 03202 Elche (Alicante), Spain

ABSTRACT
The restoration technologies in areas degraded by extractive activities require the use of their own mine spoils.
Reducing deficiencies in physical properties, organic
matter, and nutrients with a contribution of treated sewage
sludge is proposed. This experiment was based on a controlled study using columns. The work was done with two
mine spoils, both very rich in calcium carbonate. Two
biosolids doses were undertaken (30,000and 90,000 kg/ha
of sewage sludge) in addition to a different mine spoils
used as substrates. The water contribution was provided
by a device that simulated short duration rain. The leached
water was collected 24 hours after the last application. The
experiment saw the bulk density decrease and the aggregate stability increase, thereby improving the structure.
The improved soil structure decreases its vulnerability to
degradation processes such as erosion and compaction.

like mine spoils, landfills, cinders, or sludge, whose properties and pedogenesis are dominated by their technical
origin [7]. An adequate technosol selection, based on its
nature and intrinsic properties, can constitute a valuable
and cost-effective solution for soil remediation and waste
management [7]. Sewage sludge application in restoration
has demonstrated its efficiency in previous studies. The
use of treated sewage sludge can be a guarantee of success in the restoration of areas affected by mining activities.
There are a lot studies about soil fertility and the risk
of groundwater contamination [8, 9]. However, there are a
few studies about the improved of the physical properties
(bulk density and aggregate stability) of technosols design
for ecological restoration of quarries. This paper shows
different and alternatives methodologies for determining
these properties and the main results obtained in a realistic case of study.

KEYWORDS:
Bulk density, Irrigation, Aggregate stability, Mine spoil

2. MATERIALS AND METHODS
2.1 Technosols design

1. INTRODUCTION
The restoration of extensive areas degraded by mining activities, the use of their own waste materials is required [1-4]. These materials do not possess the necessary
fertility to ensure a successful process of restoration (implementation of adequate plant cover). Therefore, it requires the addition of organic amendments to achieve efficient substrate [5]. The obligation to restore abandoned
mine and the correct application of biosolids is guaranteed
by the legislation on waste management, biosolids and
soil conservation [5]. Technosols are one of the latest
additions to the World Reference Base for Soil Resources
[6]. This new reference soil group contains a large range
of artifacts and materials of natural and anthropic origin.
They include a variety of refuse-based soil* Corresponding author

The experimentation was carried out on a controlled
study using columns. PVC pipe with a 10.5-cm interior
diameter cut into 15-cm length pieces was used to make
them. Two of these pieces were then stacked to construct
each of the fifteen 30-cm tall columns. Two treatments
and a control were applied, which depended upon the
quantity of sludge applied (Table 1). The sludge was
applied on the surface and mixed with the soil, simulating
a plowing or tilling action, producing a homogenous mixture within the uppermost 15 cm of soil.
The experiment was carried out using two types of
wastes rich in calcite (75-90 %). The first, poor in quality
was characterized by a predominance of the coarse element fraction (up to 75 % by weight) and by containing
high percentages of sand (Z). The second residual material tested came from the extraction of limestone. This
waste was formed by levels of intercalated materials and
residues of degraded soils (D). This usually has high hetero-
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TABLE 1 - Experimental design and identifying symbols.
Symbol
Z0
D0
(Z+D)0
D3
D9
(Z+D)3

(Z+D)9

Material contents
30 cm column filled with aggregate (coarse).
30 cm column filled with degraded soil (fine).
30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate.
30 cm column filled with degraded soil. Sewage sludge dose (30,000 kg/ha) homogenous mixture first 15 centimeters. Three replications.
30 cm column filled with degraded soil. Sewage sludge dose (90,000 kg/ha) homogenous mixture first 15 centimeters. Three replications.
30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. Sewage sludge dose (30,000 kg/ha) homogenous
mixture first 15 centimeters. Three replications.
30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. Sewage sludge dose (90,000 kg/ha) homogenous
mixture first 15 centimeters. Three replications.

metric stoniness (up to 60 %), and is richer in clays
(approx. 25 %). These materials were amended with the
biosolid. The characteristics of the mineral substrata employed appear in Table 2.
TABLE 2 - Characteristics of the substrata used in the experiment.
Texture
Z
D

Clay (%)
15.40
21.37

Parameter
pH
EC µS/cm (25 ºC)
OM (%)
P (mg/kg dry matter)
Ca (g/kg dry matter)
Mg (mg/kg dry matter)
Na (mg/kg dry matter )
K (mg/kg dry matter)
Fe (mg/kg dry matter)
Cu (mg/kg dry matter)
Mn (mg/kg dry matter)
Zn (mg/kg dry matter )
N (%)
CaCO3 (%)

Silt (%)
16.00
26.00

Sand (%)
68.60
52.63

Z
8.30
259.20
0.63
2.05
3.40
135.15
225.10
35.68
2.35
0.32
2.10
0.76
0.03
45-75%

D
8.90
58.32
0.37
2.10
3.36
338.59
65.29
67.32
1.52
0.21
1.05
0.38
0.02
55-70%

2.3.1 Bulk density

TABLE 3 - Sewage sludge composition (dry matter, DM) from the
Aspe wastewater treatment plant.
Value
46.4
4.7
0.28
0.03
0.11
0.08
6.48
298
0.99
22
125
868
1.03
18

In order to establish the closest parallels between real
conditions and those of the experiment, the soil contained
in the columns was irrigated (8 applications). The first five
irrigations occurred every two weeks and the last three
once per month. This irrigation is equivalent to weekly
rainfall of 100 mm (rainfall conditions during times of
maximum abundance). The contribution of water was provided by a device that simulated short rainfall or a flood
irrigation system that covered the surface and then percolated into the soil. It consists of a recipient with holes
punched in the bottom.
2.3 Determination of some physical properties of the substratum

The biosolid used in this experiment comes from a
wastewater treatment plant located near Alicante (SE,
Spain). Prior to the composting process, the sludge needs
to be mixed with a bulking agent, a supporting structure
that favors aeration, absorbs humidity, and furthermore
contributes carbon. Sewage sludge composition is showed
in Table 3.

Parameter
Organic C (%)
Kjeldahl N (%)
P (%)
K (%)
Ca (%)
Mg (%)
Fe (g/kg dry matter)
Cu (mg/kg dry matter)
Cd (mg/kg dry matter)
Ni (mg/kg dry matter)
Pb (mg/kg dry matter)
Zn (mg/kg dry matter)
Hg (mg/kg dry matter)
Cr (mg/kg dry matter)

2.2 Irrigation

Measuring the bulk density in every case is important
due to its great variability. Between an organic horizon
and a very compact Bt horizon, the values may vary from
0.1 to 1.80 or even more grams per cubic centimeter;
under these conditions, the errors that may occur in the
estimated parameters from it can be enormous. Determining the bulk density may be done by different methods,
but preferably two are used. The best way to determine
the bulk density is by taking a fixed volume of undisturbed soil and weighing it once dry, after heating it at
105 °C until it reaches a constant weight. To do this, a
metallic cylinder with a volume close to 100 mL is usually used. Once it is full and flush at both ends, the contained soil is extracted. Its volume corresponds to that of
the cylinder and therefore known; it is then dried and
weighed. The density is determined by the ratio between
the weight obtained and the corresponding volume. The
main drawback to this system is the presence of stones, so
this can only be used in non-stony soil, which unfortunately, is less common. In this case, using another system
is more convenient, one that is less precise but easier. It
involves taking aggregate from the soil, as large as possible, drying it, and weighing it to learn its mass. A string is
tied to it and it is submerged into molten paraffin to coat
and waterproof its surface; once solidified, it can be weighed
once again. The wax-coated aggregate is introduced into a
graduated cylinder containing a known quantity of water.
The volume gain of the water as a consequence of the
introduction of the aggregate corresponds to its volume.
This way, the two parameters necessary for the density
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calculation are learned. Although the paraffin layer is
very thin and its volume negligible, it can be estimated
based on its density and the weight increase undergone by
the aggregate following the waterproofing process. The
main drawback of this method is that it cannot specify the
volume of the cracks and interped voids. However, by
wetting the soil, they all disappear; this serves to determine the behavior of moist soil.
2.3.2 Aggregate stability

Determining the percentage of stable aggregates in
the soil was performed by an artificial rain simulator
according to the method described by Roldán [10].
3. RESULTS AND DISCUSSION
The bulk density and percentage of stable aggregates
have been determined as physical properties that can be
modified following the application of organic amendments to the soil like is sewage sludge.
Bulk density is defined as the ratio between the mass
of the oven dry soil and the overall volume, which includes the volume of the particles and the porous space
between them. It is dependent upon the soil particle densi-

ties (sand, silt, clay, and organic matter) and their type of
packaging. Mineral particle densities are found within the
range of 2.5 to 2.8 g/cm3, while organic particles are usually <1.0 g/cm3 [11]. The bulk density is a dynamic property that varies along with the structural conditions of the
soil. It can serve as an indicator of the compaction and the
restrictions to root growth [11].
With respect to the substrata without amendment, aggregate (Zo), degraded (Do), and a mixture of aggregate
and degraded (Z+D)o, the results indicate that substratum
Zo has the lowest bulk density, logically due to its much
thicker texture that is going to favor the availability of air
voids in the column, decreasing the mass/volume ratio.
As seen in Figure 1, the sludge application decreases the
bulk density in the distinct substrata tested with respect to
the control, with the decrease being greater the greater the
sludge dose. The organic content of the applied residue is
going to improve the substratum structure by favoring the
formation of pores that contribute to the bulk density
decrease. High doses of sludge (90,000 kg/ha) obtain a
bulk density inferior to 1.4 g/cm3, a value recommended
by the USDA [11] for sandy loams and loams (Table 4).
Bulk density values greater than 1.6 g/cm3 can affect root
growth and even restrict it (Table 4).

1,8
1,6
1,4
1,2
1
0,8
0,6
0,4
0,2
0

Z0

D0

(Z+D)0

D3

D9

(Z+D)3

(Z+D)9

FIGURE 1 - Bulk density (g/cm3) for the different substrata used.

TABLE 4 - General relationship of soil bulk density to root growth based on soil texture.
Soil texture

Sands, loamy sands
Sandy loams, loams
Sandy clay loams, loams, clay loams
Silts, silt loams
Silt loams, silty clay loams
Sandy clays, silty clays, some clay loams (35-45% clay)
Clays (>45% clay)
Source: USDA (1999). Soil Quality Test Kit Guide.

Ideal bulk densities
(g/cm3)
<1.60
<1.40
<1.40
<1.30
<1.40
<1.10
<1.10
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Bulk densities that may
affect root growth (g/cm3)
1.69
1.63
1.60
1.60
1.55
1.49
1.39

Bulk densities that restrict
root growth (g/cm3)
>1.80
>1.80
>1.75
>1.75
>1.65
>1.58
>1.47
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40
35
30
25
20
15
10
5
0
Z0

D0

(Z+D)0

D3

D9

(Z+D)3

(Z+D)9

FIGURE 2 - Aggregate stability (%) in the different substrata used.

TABLE 5 - Percentages of water-stable aggregates determined by clay and organic matter contents.
Organic matter
Water-stable aggregates
Clay
Water-stable aggregates
(%)
(%)
(%)
(%)
0.4
53
5
60
0.8
66
10
65
1.2
70
20
70
2
75
30
74
4
77
40
78
8
81
60
82
12
85
80
86
Aggregate stability values are based on 519 soil samples from the arid, semi-arid, and sub-humid regions of the United States and Canada.
Source: USDA (1999). Soil Quality Test Kit Guide.

Aggregate stability is a measure of the vulnerability
of soil aggregates exposed to external disruptive forces.
Soil aggregates consist of diverse particles that are bound
to one another [10]. Aggregates that resist the forces of
water are called water-stable aggregates (WSA). In general, the higher the percentage of stable aggregate, the
lower the soil erodibility. Soil aggregates are products of
the soil microbial community, the organic and mineral
components in the soil, the nature of the plant communities on the surfaces, and the ecosystem history [11]. They
are important in the movement and storage of soil water,
erosion, root development, and microbial activity. The
destruction of aggregates is the first step towards the
development of crusting and surface sealing, which prevent water infiltration and increase erosion. Soil aggregation can vary over certain periods of time, such as a season or a year [10]. Aggregates can form, disintegrate, and
re-aggregate periodically. Aggregates improve soil quality
by:
• Protecting the organic matter trapped in the aggregates
from exposure to air and microbial decomposition.

• Increasing the movement of water and air (aggregates
increase the amount of large pore space), thus improving the physical environment for root development
and the habitat for soil organisms [11].
Figure 2 shows that the control substrata used have a
relatively low percentage of stable aggregates. The application of sludge increases the percentage of stable aggregates, with this increase much larger for the greater application rate (90,000 kg/ha). The increase of organic matter
in the soil will improve numerous properties thereof,
among which all those related with the structure, like bulk
density, aggregate stability, porosity, etc., can be highlighted. The improved soil structure decreases its vulnerability to degradation processes such as erosion and compaction. Nevertheless, no cases reached the values recommended by the USDA (1999) for soils with a clay fraction percentage around 15 %, which was situated between
65-70 % (Table 5). Considering the percentage of organic
matter in the substrata, the aggregation percentage should
have been 53 % for the case of D3 and 70 % for the case
of D9 [11].

• Decreasing soil erodibility.
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4. CONCLUSIONS
The experiment saw the bulk density decrease and the
aggregate stability increase, thereby improving the structure. During our experiment, the values recommended by
USDA were not reached. It must be kept in mind that
aggregate stability should increase over time.
The authors have declared no conflict of interest.
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Kun Yao1,2,#, Yan Li3,#, Xiaoshan Zhu4,5,* and Lin Zhu2,*
1

Faculty of Environmental Science and Engineering, Guangdong University of Technology, Guangzhou 510006, China
2
College of Environmental Science and Engineering, Nankai University, Tianjin 300071, China
3
Division of Environmental Pollution Control, Human Settlements and
Environment Commission of Shenzhen Municipality, Shenzhen 518001, China
4
Graduate School at Shenzhen, Tsinghua University, Shenzhen 518055, China
5
Scripps Institution of Oceanography, University of California San Diego, La Jolla 92093, USA

ABSTRACT
The combined effects of heavy metals, lead (Pb) and
mercury (Hg), in the aquatic environment are not well
understood. In this study, the individual and joint effects
of Pb and Hg on brain Acetylcholinesterase (AChE EC
3.1.1.7) activity in goldfish (Carassius auratus) were
investigated by a 28-day exposure. The results showed
that individual Pb or Hg as well as their mixtures had
significantly (p<0.05) effects on AChE activities in goldfish brain. However, no significant (p<0.05) inhibition of
brain AChE activities in goldfish was found in all the
treatments. The brain AChE activities of goldfish in both
individual and joint groups were found to be increased
initially, followed by a decrease to the normal level over
time. It suggested that there may be an adaptation of the
fish exposed to either the two individuals or their mixtures during a long-term exposure. In addition, the comparison between the individual and joint groups showed
that the effects of mixture were different from those of
individuals, suggesting a different action mechanism of
mixtures in the joint effects of Pb and Hg. All these results could contribute to a better understanding of the
combined effects of Pb and Hg on freshwater fish.
KEYWORDS:
lead; mercury; acetylcholinesterase; joint effects; goldfish

1. INTRODUCTION
Lead (Pb) and mercury (Hg) are ubiquitous toxic
heavy metals in the environment due to their extensive
industrial and domestic uses, representing high toxicological and environmental risks. Their adverse health effects
are multisystemic [1], and the neurotoxicity as the most
deleterious effect of Pb and Hg has already been reported [2-5]. Although the molecular mechanisms of Pb and
* Corresponding author
# The authors contributed equally to this work

Hg neurotoxicity are still poorly understood, it has been
suggested that a number of neurotoxic effects of Pb and
Hg may be due to its interference with neurotransmitter
systems, cellular calcium homeostasis, cell metabolism,
and other related enzymes [2, 6-8].
Acetylcholinesterase (AChE EC 3.1.1.7) is a key
component of cholinergic brain synapses and neuromuscular junctions. The major biological role of the enzyme
is the termination of impulse transmission by rapid breakdown of the neural transmitter acetylcholine to choline
and acetic acid in the synaptic gap of cholinergic synapses
and neuromuscular junctions. Therefore, inhibition of
AChE is followed by acetylcholine accumulation, the postsynaptic membrane remains hyperpolarized, and nervous
transmission is interrupted. At last, the inhibition can cause
continuous muscular contraction, behavioural changes, paralysis and death in organisms [9]. AChE has been widely
used as an indicator of possible neurotoxicity in environment
[10], especially as a specific biomarker for the exposure of
organophosphate and carbamate pesticides [11-13]. In addition, the measurement of AChE activity in marine organisms
has also been used for biomonitoring of marine pollution of
heavy metals [14]. Several field and laboratory studies
have shown evidences that both Pb and Hg can inhibit the
AChE activity in aquatic organisms, such as rosy barb
(Puntius conchonius), red swamp crayfish (procambarus
clarkii), freshwater fish (Cyprinus carpio), zebrafish
(Danio rerio) and silver catfish (Pangasius sp.) [15-20].
The acute effects of Pb and/or Hg poisoning on the
nervous system of organisms were well documented, but
the sublethal effects of continued exposure to Pb and/or
Hg were few reported. And most of the available studies
examined the impact of only individual Pb or Hg. However, organisms are more likely to be challenged by complex mixtures in natural environments rather than individual substances. Therefore, the objectives of our study
were to examine and compare not only the individual but
also the joint effects of Pb and Hg on the AChE activity
of gold fish (Carassius auratus) using a long-term exposure model. The results in the present study can contribute
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to a better understanding of the combined effects of heavy
metals in the aquatic environment.
2. MATERIALS AND METHODS
2.1 Experimental organism

Goldfish (Carassius auratus) is one of the main economic fish species in China. It has been reported to be an
useful model organism in the fields of toxicology [21,
22]. Goldfish, 30 to 40 g weight, 9 to 10 cm length, were
obtained from a commercial fish farm. Before being used
in the experiments, all the fish were acclimated for twenty
days in glass aquariums with aerated and dechlorinated tap
water (16 – 18°C, pH 7.8 ± 0.2, total hardness 2.93 mmol
L-1, alkalinity 1.73 mmol L-1, Salinity 0.27 g L-1) in laboratory. The fish were fed once daily with carp food pellets
(made by fish farm). Feeding was stopped 24 h ahead of
Pb and Hg exposures.
2.2 Chemicals and test solutions

Lead nitrate [Pb(NO3)2, CAS number 10099-74-8]
and mercuric chloride (HgCl2, CAS number 7487-94-7)
were used in this study. Stock solutions were prepared in
ultra-pure water (Millipore, Billerica, MA, USA). For each
chemical, test solutions were prepared by dilution of the
stock solution with well aerated tap water. All reagents
used in the experiment were from Sigma-Aldrich Co.
(Shanghai, China).
2.3 Individual and joint exposures

A total of thirteen treatments were used in this study,
which could be divided into four groups: 1) Control
group, well aerated tap water without Pb or Hg; 2) individual Lead group, 1.0, 3.0, 5.0, 7.0 mg L-1 of Pb(NO3)2;
3) individual Mercury group, 0.005, 0.01, 0.02, 0.03 mg
L-1 of HgCl2; 4) Lead+mercury mixture group, 1 mg of
Pb(NO3)2 L-1+ 0.01 mg of HgCl2 L-1, 2 mg of Pb(NO3)2 L-1
+ 0.02 mg of HgCl2 L-1, 3 mg of Pb(NO3)2 L-1 + 0.03 mg
of HgCl2 L-1, 4 mg of Pb(NO3)2 L-1 + 0.04 mg of HgCl2 L-1.
These concentrations of Pb and Hg were selected to simulate the contaminated environments. For example, Pb (up
to 2.9 mg L-1) and Hg (up to 0.4 mg L-1) were found in the
contaminated streams around mine areas, such as Dabaoshan
Mine in Guangdong, and the urban water in metallurgical
industry areas, such as Shenyang in Liaoning, China [23,
24]. In the present study, sixteen fish were randomly
selected and used in each treatment in 30 L test solution.
A semi-static exposure method was adopted in the experiment. Half of the test solution in each tank was removed every day and supplemented with test solution of
appropriate concentration of Pb or Hg. Four exposure periods were tested: 3, 7, 14, and 28 days. Fish were not fed
during the whole exposure.
2.4 AChE activity analysis

At the end of each exposure period, four fish from
each treatment were killed by decapitation. The whole

brain tissues were rapidly removed from the fish and
weighed quickly. Sample tissues were then pooled and
immersed in prechilled physiological saline (0.86%) for
rinsing. After that, the samples were homogenized with 1:9
volume of ice-cold (4°C) 0.1 M Tris-HCl buffer (pH 7.5,
containing 0.15 M KCl, 0.5 M sucrose, 1 mM EDTA, 1 mM
Dithiothreitol and 40µg/ml Aprotinin). The homogenates
were then centrifuged for 15 min at 15,000 g under 4°C.
The supernatants were collected for AChE activity analysis and protein assays.
Activity of AChE was determined according to the
method of George and Abemthy, adapted to an automated
microplate reader as described by Matozzo [25,26]. AChE
activity analysis was performed in 96-well microplates by
measuring the colorimetric reaction between acethylthiocholine (ATCh) and the reagent 5,5’-dithiobis-2- nitrobenzoic acid (DTNB). Triplicate measurements were made
for each sample and the AChE activity was calculated as
µmol ATCh substrate hydrolyzed per minute per mg protein.
2.5 Protein measurement

The quantity of proteins present in the homogenates
was determined according to the method of Bradford using
bovine serum albumin as protein standard [27].
2.6 Statistical analysis

All the results were reported as mean ± standard error
(SE). All statistical analyses were run using the SPSS for
windows program (version 13.0, SPSS Inc., San Rafael,
CA). One-way analysis of variance (one-way ANOVA)
with Tukey’s multiple comparisons was run to compare the
differences among exposure doses, in each exposure period. Alterations in AChE activities from control levels
were analyzed by student t test. Differences were considered statistically significant when p < 0.05.
3. RESULTS AND DISCUSSION
3.1 Individual effects of Pb

The activity of AChE in the brain of control and Pbexposed goldfish was determined after exposure for 3, 7,
14 and 28 days. As shown in Figure 1, after 3 days of
exposure, the activity of AChE increased significantly
(p<0.05) only in 1.0 mg L-1 treatment group, with a value
of 12.60 ± 0.17 mmol min-1mg-1 protein (+17.12% with
respect to control). With the concentration increasing, the
AChE activity decreased to the normal level, demonstrating an increase - decrease pattern. After 7 days of exposure, a similar increase - decrease pattern of AChE activity under the Pb treatment was found although no significant differences were observed between the control and
all the Pb treatment groups. The similar pattern of AChE
activity was also found in goldfish after 14 and 28 days of
exposure. The result is not unprecedented as an experiment in which low Pb concentrations were used. The
stimulative effect of low concentrations of toxic chemicals
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on organism metabolism, i.e. hormesis, is well documented
[28]. In addition, it is interesting to find that, with the exposure period protracted, AChE activities at the 1.0 mg L-1 Pb
treatment group increased firstly and then decreased to
normal at the end of the experiment (Figure 1). The similar effect of exposure time on fish AChE activity was also
reported by Suresh et al. [29]. After 28-day exposure of
Pb, AChE activities were not significant different with
those in control. It indicated that there may be an adaptive
alteration in the fish after a long term exposure to Pb.

ments, displaying an increase - decrease response of
AChE activities in fish brain. After 14 and 28 days of
exposure, when compared to the control, no significant
(p>0.05) changes were found in brain AChE activities of
fish. Similar results were reported in the freshwater fish
Cyprinus carpio [29]. The result suggested again that
there may be an adaptive alteration in the fish after long
term exposure to Hg concentration less than 0.030 mg L-1.
3.3 Joint effects of Pb and Hg

The variations of AChE activity in brain of the fish
exposed to Pb + Hg mixtures were displayed in Figure 3.
After 3 and 7 days of exposure, no significant differences
were observed between the control and all the Pb + Hg mixtures. Different from the 3-day exposure, as the concentration of the mixture increased, an increase - decrease response
of AChE activities was found in the 7, 14 and 28 days
exposure groups. Moreover, with the exposure period
protracted to 28 days, no significant difference in AChE
activities was detected between the control and the mixtures of all concentrations. The results suggested that the
long term exposure to Pb + Hg may induce an adaptation
in the fish.

3.2 Individual effects of Hg

The variations of AChE activities in brain of the fish
exposed to Hg were shown in Figure 2. After 3 days of
exposure, no significant differences were observed between the control and all the Hg treatment groups. After 7
days exposure, the AChE activities in 0.005 mg L-1 HgCl2
treatment were not significantly different from those in
control. However, they increased in 0.010 mg L-1 HgCl2
treatment and reached the highest value of 14.98 ± 0.67
mmol min-1 mg-1protein (+38.10% compared with the
control, p<0.05), then they descended to the normal level
in 0.020 mg L-1 and 0.030 mg L-1 HgCl2 (p<0.05) treat-
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FIGURE 1 - The effect of different concentrations of Pb on AChE activity in goldfish brain in each exposure period. The same letter means
significantly different from each other, and "*" indicates the significant difference from the control (p <0.05)
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FIGURE 2 - Brain AChE activities of goldfish exposed to different concentrations of Hg in each exposure period. * indicates the significant
difference from the control group of each period. The same letters means there were significant difference as evaluated by ANOVA (p<0.05).
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ANOVA. (p<0.05)

AChE activity
(mmol /min/mg protein)

20

control

Pb

18

Pb+Hg

*
ac

16
14

Hg

*

*e

ab

12

f

d
bc

de

f

10
8
3

7

14

28

Exposure period (d)
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HgCl2, Pb+Hg: 1.0 mg L-1 of Pb(NO3)2 + 0.010 mg L-1of HgCl2. Results represent the mean of four fish and the correspondent standard error
bars. The values marked with same letters are significant different to each other. * indicateds the significant difference from the control
(ANOVA. p<0.05).

In addition, the individual and joint effects of Pb and
Hg on brain AChE activity of goldfish were compared. It
seems the effects of mixture are different from those of
their individuals. For example, the individual Pb (1.0 mg
L-1) and Hg (0.010 mg L-1) caused a significant increase
of AChE activities after 3 and 7 days exposure, respectively. However, their mixtures (1.0 + 0.010 mg L-1)
caused a significant increase of AChE activity only after
14 days of exposure (Figure 4). In addition, in 7, 14, and
28 days experimental period groups, statistically significant differences were found between Hg (0.010 mg L-1)
group and Pb + Hg (1.0 + 0.010 mg L-1) group as evaluated by ANOVA (p<0.05). One significant difference between Pb (1.0 mg L-1) group and Pb+Hg (1.0 + 0.010 mg
L-1) group was also observed after 7 days of exposure
(Figure 4). Moreover, compared to individual Hg treatments (0.020 and 0.030 mg L-1) where AChE activities
were not significantly different from those in control in the
whole exposure duration (Figure 2), both 2.0 + 0.020 mg L-1
and 3.0 + 0.030 mg L-1 Pb + Hg groups however did cause
a significant increase of AChE activities after 14 days of
exposure (Figure 3). In individual treatments of Pb (3.0 mg
L-1), AChE activities in 14 days exposure group were not

significantly different from those in 28 days exposure
group (Figure 1). In contrast, AChE activities in 14 days
exposure group of Pb + Hg (3.0 + 0.030 mg L-1) were
significantly different from those in 28 days exposure
group (Figure 3). These results indicated again that the
effects of Pb + Hg mixture should be different from those
of the individuals. It also suggested there may be different
action mechanisms among individual and joint effects of
Pb and Hg, which warrants further researches.
4. CONCLUSIONS
In conclusion, Pb and Hg, no matter exist individually
or mixed, had significantly (p<0.05) effects on AChE
activity in goldfish brain. Although no significant
(p<0.05) inhibition of brain AChE activities was found,
an increase - decrease response pattern of AChE activities
was observed. Significant increases in the AChE activities
in the brain of the treatment fish exposed to Pb and Hg
were recorded, which indicated the occurrence of “hormesis” effect on the treatment fish [28]. With the exposure
time protracted to 28 days, AChE activities in all the
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treatments returned to the normal level, suggesting a potential adaptation in the fish during a long-term exposure.
Additionly, different effects between the individual and
joint groups suggested a variation in the action mechanism of Pb and Hg when they exist simultaneously. The
results in this study could contribute to a better understanding of the combined effects of Pb and Hg in freshwater fish.
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