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TRANSFER OF HEAVY METALS IN
WETLAND ECOSYSTEM ENRICHMENT
Fang-Li Su1,a, Hai-Fu Li1,a, Xin Zhou1,2, Jia Lu1, Lin Qiao1 and Tie-Liang Wang1,*
2

1
College of Water Resource, Shenyang Agricultural University, Shenyang, 110866, P.R. China
Shenyang Design and Research Institute of China Coal Technology & Engineering Group, Shenyang, 110015, P.R. China

ABSTRACT
This paper presents a study of the effects of wetland
ecosystems in purifying Cu, Zn, Pb, and Cd in paper-mill
wastewater by exposing reeds at five stages of growth
(germination, leaf-expansion, jointing, heading, and maturity) to wastewater. Test pools, which simulated Panjin
Shuangtai estuarine wetland, were constructed at the comprehensive experimental site of Shenyang Agricultural University. The results showed that the order of heavy-metal absorption by reeds was: root> stem>leaf; the order of content levels of whole-plant absorption of Cu, Zn, Pb, and
Cd was: Pb>Zn>Cu>Cd. By establishing the models for
heavy-metal transfer, this study has shown that the metastatic pattern of heavy metals in the paper-mill effluent
and in wetland plants fit a polynomial relationship model,
within which the effect of the Cu and Zn transfer models
was more significant. This study also found that the metastatic pattern of Zn in the wetland soil and in reed roots fit
a cubic polynomial model, and the metastatic pattern of
heavy metals in reed stems and leaves and in reed roots fit
a polynomial relationship model, within which the effect
of the Cu, Zn, Pb, and Cd transfer models was more significant. The models for Cu and Cd were polynomial
transfer models, and the models for Zn and Pb were inverse function transfer models. Based on statistical theory,
this study presents a transfer model of heavy metals in the
system of paper-mill effluent-wetland soil-plants. We
have provided a theoretical basis and technical support for
the ecological restoration of wetlands with paper-mill
effluent, which are of practical value.

KEYWORDS:
wetland ecological system; heavy metal; accumulation; transfer

1 INTRODUCTION
With the rapid development of China’s economy,
aquatic environments have faced serious challenges. The
rapid increase in the discharge of heavy-metal pollutants
a

* Corresponding author, The authors contributed equally to this work

into estuaries has caused reed wetlands to experience the
strong impacts of heavy-metal pollution. Copper (Cu), zinc
(Zn), lead (Pb), and cadmium (Cd) are considered to be the
main indexes for the environmental evaluation of water
quality (GB3838-2002, China [1]). The accumulation of
high levels of these heavy metals can harm ecosystems
and can lead to the degradation of soil and to lower crop
yields and quality. These pollutants may even enter the
food chain and endanger human life and health [2]. The
migration and accumulation of heavy metals in ecosystems have thus aroused widespread concern [3]. Extensive
and intensive research has been devoted in recent years to
mechanisms for removing organic wastewater from constructed wetlands and to the effects of the treatments. These
studies have achieved significant results [4]. Research on
the behaviour of purification in the migration of heavy
metals in estuarine wetland ecosystems has also been
reported [5]. For example, Pan et al. [6] studied the role of
large aquatic plants in accumulating and transferring heavy
metals, and Wei et al. [7] analyzed the characteristics of
heavy-metal absorption by hyperaccumulating plants. Mangroves can absorb fine solid material, increase bottom sediment, and sequester heavy metals of tidal flats into the
roots, stems, and leaves of the plants [8]. Other studies
have found that some wetland plants can absorb heavy
metals and transform them in the soil and thereby reduce
the harm heavy metals can cause in wetland ecosystems
[9]. Weis J. S. and Weis P. [10] and Windham et al. [11]
analyzed and compared the absorption and distribution of
toxic heavy metals in reeds, and Aksoy et al. [12] examined the migration and release of toxic heavy metals in
reeds. Domestic studies have mainly focused on the endurance, absorption, and purification of heavy metals in
Arundo donax [13] and the mangrove plants Avicennia
marina [14], Kandelia candel [15], and Aegiceras corniculatum [16]. Less attention has been given to toxic heavy
metals in reed wetlands. A few studies have examined the
purification of copper, zinc, lead, and cadmium from
paper-mill effluent by the Liaoning Shuangtai estuarine
wetland. The present study simulates natural wetland with
a small pilot plant for studying the purification of Cu, Zn,
Pb, and Cd from paper-mill wastewater and provides a
theoretical basis and technical support for the ecological
restoration of wetlands using effluent from the pulp and
paper industry.
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2.3 Plants

2 MATERIALS AND METHODS
2.1 Waste water

The wastewater for the study was collected from the
sewage outfall of the Jincheng Paper Mill in the city of
Linghai, Liaoning Province, China. On the first day of each
month from April to November in 2009, 10 barrels (25 L
per barrel) of pulp and paper effluent were taken to the test
field at Shenyang Agricultural University. The barrels
were stored in a cool facility. The following parameters
of the wastewater were determined: chemical oxygen demand, 1610 mg/L; biological oxygen demand over five days,
823 mg/L; Cu, 0.05 mg/L; Zn, 0.07 mg/L; Pb, 0.08 mg/L;
Cd, 0.03 mg/L; volatile phenols, 0.05 mg/L; suspended
solids, 141 mg/L, salinity, 3569 mg/L; and pH, 7.87.
2.2 Soil

For the purpose to simulate the primitive conditions
of Shuangtai estuary wetland the experimental soil from
the Panjin wetland, under natural conditions, was taken to
the test field at Shenyang Agricultural University for the
transplantation of reeds. The wetland soil type was meadow soil, with a pH of 8.47, organic-matter content of
1.12%, and a density of 1.03 g/cm3.

In April 2009, Liaobin and Panjin reeds, small purple
loose spikes, and a mix of other local plants were taken
from the core area of the Shuangtai estuarine wetland in
the city of Panjin, Liaoning Province, China. At the same
time, ungerminated reed rhizomes with healthy buds were
dug, cut into pieces 30 cm in length, wrapped in soilladen sacks, and sprinkled with water to keep the roots
wet. The plants were taken to the test field at Shenyang
Agricultural University and transplanted into the wetland
test facility.
2.4 Test setting

The experiment was conducted at a small-scale constructed-wetland pilot plant in a comprehensive testing
ground at the Institute of Water Conservancy, Shenyang
Agricultural University (Figure 1). Reeds at the beginning
of each growth period were irrigated with undiluted
wastewater. The specific procedures of irrigation with the
waste-water followed the standards set by China’s “irrigation test specifications” in relation to the code division of
crop growth stages. The growing period of the reeds was
divided into germination, leaf-expansion, jointing, heading, and maturity growth stages. Based on these five
stages,

10cm

outlet pipe

20cm

earthing

water layer

reeds

the main root zone of reeds

30cm

pad soil

20cm

0.55m
0.45m
0.35m
0.25m
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FIGURE 1 - The simulation device of reed wetland
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25 test pools were divided into five groups. Irrigation
depth was 10 cm, metered 0.2 m3. The processing is as
follows: No.1 to No.5 poured wastewater at the beginning
of germination stage only; No.6 to No.10 poured
wastewater at the beginning of leaf-expansion stage only;
No.11 to No.15 poured wastewater at the beginning of
jointing stage only; No.16 to No.20 poured wastewater
at the beginning of heading stage only; No.21 to No.25
poured wastewater at the beginning of maturity stage only.
In order to ensure the normal growth of reeds, all processing irrigated clean water in other times and maintained
10cm water layer. The clean water was tap water (residential drinking water) with a heavy-metal content close to
zero and was thus unlikely to impact the results of the experiment. In the next growth period, we took water, soil,
and plant samples on the day prior to irrigating with
wastewater.
1.5 Sample collection and processing

Water samples were collected from layers through
four outlet pipes mounted on the sides of the test pools
(Figure 1). The samples were filtered through mediumspeed qualitative filter paper 7cm in diameter and then
stored in plastic containers at 4 ºC until later analysis. Soil
samples were collected from four layers, each 10 cm in
thickness. Each sample was packaged and stored in the
shade for air drying. When dry, the samples were sieved
through a 100 mesh, digested as described by Long et al.
[17], and stored in plastic containers for measurement.
The three best-growing strains from each test pool chosen
as plant samples were washed, divided into roots, stems,
and leaves, pretreated as described by Wang [18] for processing and decomposition, and then stored in plastic
containers for measurement.
2.6 Instrumentation and data analysis

An inductively coupled plasma emission spectrometer (United States Thermo Electron Corporation) was used
to determine the concentrations of Cu, Zn, Pb, and Cd of
the wastewater and plant samples. A national standardised
solution containing 56 metal elements was purchased from
a Chinese standard material website. Concentrated sulphuric
acid, nitric acid, and perchloric acid were analytically pure.
The statistical software SPSS was used to determine the
variances and perform the correlation analyses.

3 RESULTS AND DISCUSSION
3.1 Correlation analysis of absorbed heavy metals from various reed tissues

The analysis of the distribution of Cu, Zn, Pb, and Cd
in various reed tissues indicated the effect these tissues
had for the purification of heavy metals. These four heavy
metals were consistently distributed within the reed tissues (Table1). The contents of heavy metals in roots were
far higher than those in stems and leaves, where the heavy
metals had similar contents. The absorbed contents of
heavy metals, though, were slightly higher in stems than
in leaves. The absorption of heavy metals by the various
reed tissues were in the order: roots>stems>leaves. These
relative contents conformed to those of most plants absorbing heavy metals. The endothelium of plant roots can
prevent the transport of heavy metals to the ground. The
roots of gramineous plants can secrete phytosiderophores
that chelate iron but can also activate Cu, Zn, Cd, Pb, and
other metal elements [19]. Similar results were obtained
by Zhu et al. [20] for the characteristics of heavy-metal
absorption by Suaeda salsa in a tidal flat.
The distribution characteristics of the heavy metals
absorbed by various reed tissues are shown in Table 1.
The absorption of the four heavy metals (Cu, Zn, Pb, and
Cd) in the plants were significantly different (P<0.01).
The relative amounts of absorption were in the order
Pb>Zn>Cu>Cd. The capacities of the reed tissues to absorb the heavy metals were obviously different. The uptake of Cu, Zn, Pb, and Cd by roots was higher than that
by stems and leaves (P<0.05), while the uptake of Zn and
Cd by stems and leaves was not significantly different
(P>0.05). Reeds in the Shuangtai estuarine wetland absorb and store heavy metals in roots, reduce the possibility of fallen leaves repolluting, and transfer heavy metals
along the food chain, thereby helping to purify the environment.
3.2 Heavy-metal transfer model in the wetland ecosystem

The formulae for calculating the heavy-metal transfer
(TF) and enrichment coefficients (EC) are:
TF=M aboveground tissues /M root
(1)
EC=M aboveground tissues /M soil
(2)
These formulae were used to calculate the heavymetal transfer and enrichment coefficients shown in Table 2.

TABLE 1 - Distribution characteristics of heavy metals at different parts of the reed
parts

Cu uptake
(mg/kg)

Zn uptake
(mg/kg)

Pb uptake
(mg/kg)

Cd uptake
(mg/kg)

root

0.0340+0.0080a

0.0670+0.0120a

0.0800+0.011a

0.0032+0.0010a

stem

0.0150+0.0030b

0.0260+0.0050c

0.0310+0.009b

0.0015+0.0003c

leaves

0.0070+0.0010ab

0.0110+0.0020bc

0.0110+0.004c

0.0007+0.0001bc

Note: the data in the table are the average and standard deviation; in the same column, a, B, C indicated significant differences
(P<0.05); peer * * very significant difference ( P<0.01)
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TF is the ratio of heavy-metal content in aboveground
tissues to the content in roots. It reflects the ability of
transporting heavy metals from the roots to the aboveground tissues of plants [21]. As Table 2 shows, the transfer coefficient for Pb was highest, followed by the coefficient for Cd, which is consistent with the results in Table 3.
EC is the ratio of heavy-metal content in aboveground
tissues to the content in the soil and is one of the indicators showing the ability of plants to accumulate heavy
metals [22]. From the point of view of enrichment, reeds
are best able to accumulate Cu and Zn, which is consistent with the results of Table 3.
(1) Transfer model of heavy metals in paper-mill effluent
and in wetland soil
The relational model of Zn in paper-mill effluent and
Zn in wetland soil is a cubic polynomial model. The goodness of fit of the model was 0.9221, compared with the
ideal. Models that pass the 0.10 probability level test of
significance (Sig = 0.0905) are valid (Table 4).

(2) Transfer model of heavy metals in wetland soil and
in reed roots
The relational model of Zn in wetland soil and Zn in
roots is a cubic polynomial model. The goodness of fit of
the model was 0.8921, compared with the ideal. Models
that pass the 0.10 probability level test of significance
(Sig = 0.0925) are valid (Table 5)
(3) Transfer model of heavy-metal content in reed stems
and leaves and in reed root
The transfer models of the heavy-metal content in
reed stems and leaves and in reed roots are shown in Table 6. The relational models of Cu and Cd in the stems
and leaves and of Cu and Cd in the roots are quadratic
polynomial relationship models. The goodness of fit of the
models was 0.5613 and 0.7826 for Cu and Cd, respectively,
compared with the ideal. Models that pass the 0.10 probability level test of significance (Sig = 0.0975) are valid.

TABLE 2 - Transfer and enrichment coefficients of heavy metals

transfer coefficient（TF）
enrichment coefficients（EC）

Cu

Zn

Pb

Cd

0.2172
1.5047

0.2610
0.3214

0.4224
0.0652

0.3761
0.0053

TABLE 3 - Linear correlation analysis between adsorption of heavy metals in wetland soil and wetland plants
analysis

heavy metals
Cu

y: the total removal amount of heavy metals
x1, x2: the absorption amount of heavy metals in
wetland soil and plants from paper-mill wastewater.

Zn
Pb
Cd

linear-regression equation
y=382.78860+32.76897x1

correlation coefficient r
0.90276

y=287.57734+25.95981x2
y=100.11746+6.44765x1

0.91153
0.892734

y=153.26745+15.72076x2
y=171.61092+20.95466x1
y=199.41912+19.40065x2

0.929253
0.93335
0.89278

y=142.3566+9.48936x1
y=359.78553+35.68233x2

0.92165
0.91751

TABLE 4 - Transfer models of heavy metals from water to sediment
metal

complex correlation coefficient R2

model
2

Cu
RRCu=146.5501-10.5162RSCu+0.3351RWSCu
Zn
RRZn=0.8712-13.4527RSZn-433.6735RSZn2+5121.1912RSZn3
Note: RR means the content of heavy metals in roots.

0.6143
0.9221

TABLE 5 - Transfer models of heavy metals from sediment to reed roots
metal
model
Cu
RRCu=746.5501-13.5162RSCu+0.1362RWSCu2
Zn
RRZn=0.9078-21.6047RSZn-463.6745RSZn2+5661.1782RSZn3
Pb
RRPb=-1.7935+0.0445RSPb-0.0003RSPb2
Cd
RRCd=138.2340-388.2547/RSCd
Note: RR means the content of heavy metals in roots.
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TABLE 6 - Transfer models of heavy metals from reed roots to reed stems
complex correlation coefficient R2
0.5613
0.7921
0.5813
0.7826

metal
model
Cu
RLCu=4 135.6271-68.4667RRCu+0.4541RRCu2
Zn
RLZn=108.1468-9127.2651/RRZn
Pb
RLPb=0.7361-0.1455/RRPb
Cd
RLCd=-0.0596+0.5457RRCd-0.3581RRCd2
Note: RL means the content of heavy metals in stems and leaves.

From the simulation modelling, we can conclude the
regularity of the transfer of heavy metals in the wetland
ecosystem. The metastatic pattern of heavy metals in the
paper-mill effluent and in the wetland plants fits a polynomial relationship model, with the obvious effect on the
Cu and Zn transfer models. The metastatic pattern of Zn in
the wetland soil and in the roots fits a cubic polynomial
model, while the pattern of Cd fits an inverse function
model. The metastatic pattern of heavy metals in the stems
and leaves and in the roots fits a polynomial relationship
model, with the prominent transfer effect of Cu, Zn, Pb,
and Cd. Cu and Cd fit polynomial transfer models, while
Zn and Pb fit inverse function transfer models.

Liaoning, China (LJQ2011070) and the Major Science and
Technology Project of Liaoning, China (2012212001).

4. CONCLUSIONS
The distribution of four heavy metals (Cu, Zn, Pb,
and Cd) within reed plants demonstrated both consistency
and regularity. The absorption of the heavy metals by
different reed tissues were in the order root>stem>leaf.
The capacities of absorbing the four heavy metals by
the plant varied significantly in terms of the amount of
absorption, in the order Pb>Zn>Cu>Cd. The differences
in the uptake of heavy metals by the different reed tissues
were significant, with the roots playing a key role in the
enrichment of Cu, Zn, Pb, and Cd.
The transfer rule in heavy metals in the paper-mill effluent and in wetland plants fit a polynomial relationship
model, with the obvious transfer effect of Cu and Zn.
The transfer model of Zn in wetland soil and in reed
roots was cubic polynomial, while the transfer model of
Cd was an inverse function.
The metastatic pattern of Cu, Zn, Pb, and Cd was significant in the transfer model of heavy metals in reed
stems and leaves and in reed roots.
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ABSTRACT
A new strain of denitrifying phosphorus-removal bacteria (DPB) CL-5 was isolated from sludge in the double
sludge switching-sequencing batch reactor (DSSBR)
which had been stably operated for two years. The strain
contained metachromatic granules found in polyphosphate-accumulating organisms (PAOs) and was a denitrifier. From the phylogenetic analysis of the 16S rRNA
gene sequence, CL-5 was identified as Paenibacillus
lautus. The optimal temperature for its denitrification and
phosphorus removal rate was 30 ℃ and the optimal pH
was 7-8. The denitrifying gas product of CL-5 was N2.
Nitrogen removal was analyzed in relation to the NO3--N
concentration. Under the initial concentration of 140mg/L
NO3--N and 80mg/L PO43-, the efficiencies of nitrogen
(N) and phosphorus (P) removal of CL-5 were 57.5% and
50.2% in the first 24 h, 72.3% and 64.1% in 96 h, respectively. Higher N and P removal efficiency and desired
final gas production indicated that CL-5 could be applied
to the wastewater treatment, especially for the high concentration of N and P wastewater.

for carbon sources leads to N-removal and P-removal interference in the single-sludge system [6]. In a two-sludge
system process, DPB and nitrification bacteria occupy different reactors, which can provide optimal living conditions for their growth. The severe problem of competition
for COD between phosphorous and nitrogen removing
organisms that occurs in the conventional simultaneous N
and P removal process is resolved [3, 7]. In our previous
research, a double sludge switching-SBR process (DSSBR)
was introduced. Denitrification and nitrification sludge was
pumped into the system at different stages [8]. The biological N and P-removal efficiency would be enhanced if
DPB was isolated and inoculated into the wastewater [9].
Global warming and the destruction of the ozone layer have
a significant connection to nitrous oxide (N2O) [10]. So the
denitrifying gas production of DPB was identified to avoid
the harmful metabolic nitrogen oxidation.
The main purpose of this study was as follows: (1) to
isolate a DPB strain from the sludge in DSSBR; (2) to determine the optimum conditions of the strain; (3) to determine the denitrification product of the bacterium; (4) to
identify the N and P removal efficiency of the DPB.

KEYWORDS: denitrifying phosphate removal bacteria; Paenibacillus lautus; nitrogen and phosphorus removal

2 MATERIALS AND METHODS
2.1 Isolation of microorganisms

1 INTRODUCTION
Denitrifying phosphorus removing bacteria (DPB)
have been used since the 1980s, with the capability of using
nitrate (NO3--N) as an electron acceptor and thus simultaneously removing nitrogen (N) and phosphorus (P) from
wastewater [1-3]. Denitrification can be accomplished by
DPB in anaerobic–anoxic systems allowing simultaneous
NO3--N reduction and PO43- uptake using the same carbon
oxygen demand (COD) [2, 4]. The use of DPB is highly
beneficial in terms of a lower COD, reduced aeration
cost, and less sludge production [5].
Organic competition among polyphosphate-accumulating organisms (PAOs) and denitrifying bacteria especially
* Corresponding author

In this experiment, a denitrifying medium was used for
isolation and functional verification. This medium contained (g/L) (pH 7.2-7.4): potassium sodium tartrate 20,
KNO3 2, KH2PO4 0.5, MgSO4 • 7H2O 2. The denitrifying
medium was autoclaved for 30 min at 121 ºC before being
used. Agar (2%) was added to solidify the medium [11].
Bacterial strains were isolated from the sludge at the
end of DSSBR according to the purifying method reported
[12]. Sterile denitrifying medium (100 mL) in 250 mL conical flasks (n=3) was inoculated with 2 mL of fresh activated
sludge and incubated at 30 ℃ on a rotary shaker at 180 rotations per minute (rpm) for 48 h. Then 1 mL of the enrichment cultures was transferred to the fresh medium. Purified
isolates were obtained by repeated streaking on fresh denitrifying agar plates. Isolations were measured respectively
by metachromatic granules staining [12, 13]. Strains show-
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ing black granules were considered as PAOs. After 7 days
of incubation, the medium was sampled and analyzed by
the nitrate reduction test [14]. According to the gas production, PAOs with denitrifying function were obtained
and were finally identified as DPB. The most efficient
denitrifying strains were selected for their speed of NO3--N
con-sumption [11].
The DPB strains were characterized by Gram staining. Cell morphology after gram staining was determined
using an optical microscope (CX31, OLYMPUS, Japan).
Cell morphology of the strains was determined using a
scanning electron microscopy (S-4100, HITACHI, Japan).
A sample (10 mL) was centrifuged for 10 min at 4000 rpm
(Allegra X-22R, Beckman, USA). The precipitates were
preserved for SEM analysis. The precipitates were fixed
with 2.5% glutaldehyde at 4 ˚C overnight and next washed
three times in phosphate buffer. Then samples were consecutively dehydrated through 30%, 50%, 70%, 85%,
95%, 100%, 100% ethanol (15 min in each stage). The
cells were then fully dried by a critical point dryer (HCP-2,
HITACHI, Japan). After being mounted on stubs, the cells
were coated with gold in a sputter coater (E-1030, HITACHI, Japan). Coated specimens were observed and
photographed at 10 KV in a scanning electron microscope.
The isolated DPB strains were all cultured in denitrifying medium at 30 ˚C and pH 7.0. During incubation, the
cultures were sampled periodically. The optical density of
the culture broth was measured (OD600) using a spectrophotometer (UV-2450, Shimadzu, Japan) [11]. The pH range
for denitrifying P-removal was determined at 30 ˚C and at
initial pH values of 5.0, 6.0, 7.0, 8.0 and 9.0. Denitrifying
medium (100 mL) was inoculated with 50% DPB suspension and then incubated and shaken on the constant temperature bed at 30 ˚C. The experimental design was similar to the above. The temperature range for denitrifying Premoval was at the values of 15 ˚C, 25 ˚C, 30 ˚C, 35 ˚C
and 40 ˚C at the optimum pH. After 96 h, the culture medium was filtered by filter membrane of 0.22 µm [15]. The
concentrations of NO3--N was measured using UV-2450
under 220 nm and 275 nm, (Determination of nitratenitrogen-Ultraviolet spectrophotometry, Environmental
protection industry standard of the People's Republic of
China, HJ/T 346-2007). The concentrations of P were
measured using UV-2450 under 700 nm, (Determination
of phosphorus-Ammonium molybdate spectrophotometric
method, PRC National Standard, GB 11893-89) (UV-2450,
Shimadzu, Japan).
2.2 Determination of N and P-removal efficiency

Strain suspension of 50 mL was statically cultured in
denitrifying medium of 50 mL at 30 ˚C and pH of 7.0 for
48 h. Every 8 h, 0.1 mL medium was sampled and tested.
Culture samples were filtered under filter membrane of
0.22 µm. The concentration of N and P were tested as the
initial value. The concentration of N and P changed over
time in the experiment, and the N and P-removal efficiency
were calculated compared to the initial value.

2.3 Gas production of the DPB

To facilitate the collection of product gas, this experiment was designed to operate in anaerobic environment.
Thousand-milliliter triangular flasks served as the growth
vessels. The flask was completely filled with more than
1000 mL of inoculated AM under an aseptic condition,
and sealed with rubber stopple. The flask was connected
to an airbag through a short glass tube and silicone tube.
The reactor system was vacuumized at the beginning of
incubation and then this reactor system was incubated at
room temperature and under steady state condition. The
gas released by nitrogen reduction was gathered in the
airbag and determined using a DB-1 column (30 m × 0.25
mm × 0.25 µm) and a gas chromatography and mass spectrometry (7980A/5973N, Agilent Technologies, USA). The
column temperature was maintained at 35 ˚C and the carrier gas was Helium gas at a flow rate of 1.1 mL/min.
2.4 Molecular identification of the isolates

DNA was extracted from the bacterial suspension (after
incubation for 24 h) using an EZ-10 Spin Column genomic
DNA isolation kit (Sangon, Shanghai). The 16S rRNA gene
was amplified by PCR (Eppendorf; Perkin-Elmer, Germany)
using the general bacterial primers [16] (Forward primer
27F: AGAGTTTGATCCTGGCTCAG; Reverse primer
1492R: TACGGCTACCTTGTTACGACTT). PCR amplification was conducted using the protocol [17]: initial denaturation for 5 min at 94 ˚C and 29 cycles of denaturation for
1 min at 94 ˚C, annealing for 1 min at 55 ˚C, extension for
1 min at 72 ˚C, followed by a final extension for 10 min at
72 ˚C. PCR products were stored at 4 ˚C and then were
purified with an EZ-10 Spin Column PCR product purification kit (Sangon). Partial sequencing of the 16S rRNA gene
was performed by Genscript Corp. (Sangon) [18]. PCR
am-plifications were sequenced and the gene sequence
data compared with 16S rRNA sequences registered
in GenBank [17] (National Center for Biotechnology
Information; http://www.ncbi.nlm.nih.gov/) using the
Basic Local Alignment Search Tool program (BLAST;
http://www.ncbi.nlm.nih.gov/ BLAST/Blast.cgi) [19].

3 RESULTS AND DISCUSSION
3.1 Screening of DPB

The strain (CL-5) contained black matter inside the
cells, while the other parts were green following metachromatic granular staining was proved to be PAO’s. Strain
CL-5 was found to be a Gram-positive, rod-shape bacterium
(Fig. 1).
3.2 Gas analysis

NO3--N is converted into N2 via intermediates NO2--N,
nitrogen monoxide (NO) and N2O during the microbial
denitrification [10]. N2O can be released in high quantities
under low oxygen environments with sufficient NO3--N
and organic carbon [20]. Figure 2 indicates that NO and
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FIGURE 2 - GC-MS chromatogram of the gas released by denitrification process

N2O, which are greenhouse gases, were not found in the
gas phase of the culture of strain CL-5. The final denitrification product of CL-5 was N2 even in the anoxic condition. Similar to other DPBs, such as CL-1 and CL-3 [21],
the released gas of denitrification for CL-5 is N2, which is
not greenhouses gas contributing to global warming. CL-5
can be used as ideal strain of bioaugmentation for
wastewater treatment.
3.3 Identification of CL-5

FIGURE 1 - Granular staining cells, gram stained cells (x 1000) and
electron micrograph of strain CL-5

The results of 16S rRNA gene sequencing indicated
that strain CL-5 had a 99 % sequence similarity to Paenibacillus lautus HM439459. All sequences were submitted
to GenBank. The sequence accession number of CL-5 was
JX296361.

FIGURE 3 - Section of the neighbour joining tree showing the relationships between the strain CL-5 and species of the genus Paenibacillus.
The sequence of 16s rRNA of Pseudomonas mendocina (GenBank accession No. DQ641475) was used as an outgroup. Numbers at nodes
indicate bootstrap percentages (based on 1000 resampled datasets). Bar, 0.02 changes per nucleotide position.
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3.5 Effect of pH on N and P-removal

The creation of the genus Paenibacillus was based on
comparative analyses of 16S rRNA sequencing [22]. Recently, more and more species are either being identified as
Paenibacillus or those formerly designated as Bacillus spp.
are being reclassified as Paenibacillus [23, 24], implying
that this group may constitute a larger proportion of Bacillales than previously thought. Various Paenibacillus species
have also been isolated in Korea, from natural habitats such
as rhizosphere and soil, and their useful traits have been
analyzed [25-32]. At present, the genus Paenibacillus
consists of 2465 species (NCBI Taxonomy Homepage at
http://www.ncbi.nlm.nih.gov/Taxonomy/, April 2013).
Figure 3 shows that CL-5 clustered with strains of Paenibacillus. From the view of the phylogenetic tree, the sequences of CL-5 were compared with the other sequences
in the database.

To find a suitable pH for effective denitrifying Premoval the experiment was conducted at different initial
pH values between 5.0 and 9.0. Figure 5 shows the denitrifying P-removal efficiency of strain CL-5 at different pH.
The results show that the efficiency dramatically increased
with pH from 5.0 to 7.0. However, when pH values continued to rise to 9.0, the efficiency decreased. The optimal
pH range of CL-5 was 7.0 to 8.0. So the strain CL-5 could
be used to treat domestic wastewater (pH 6.5-8.5).
3.6 Effect of temperature on N and P-removal

The most suitable temperature for biological denitrifying P-removal was the range of 25-35 ˚C [15]. As shown
in Figure 6, the high activity of N and P-removal for CL-5
simultaneously increased between 15 ˚C and 30 ˚C. The
highest efficiency of CL-5 was 71.0% and 58.8% at 30 ˚C.
As the temperature rose, the efficiency began to decline
above 35 ˚C. From Figure 6, the efficiency of NO3--N and
PO43- for CL-5 was reduced to 48.6% and 40.8% respectively. The optimum temperature for CL-5 was 30 ˚C.

3.4 Growth curve of CL-5

The growth patterns of strain CL-5 are indicated by
changes in OD600 of the culture broth in Figure 4. CL-5
had a longer logarithmic growth phase from 24 h to 96 h.
It can be concluded that activity of CL-5 can keep a
persistent state.

4.0
OD600/(cm-1)

3.5
3.0
2.5

2.0
1.5
1.0

0.5
0.0

0

24

48

72

96
t/h

120

144

168

192

Removal efficiency(%)

FIGURE 4 - Growth curves of CL-5 over 192h based on optical density at 600nm. Optimal growth occurred at 96h.
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3.7 Characteristics of N and P-removal

Figure 7 shows the concentration change of N and P
of CL-5 in 4-day cultivation. The removal rate of both N
and P-removal by strains CL-5 significantly declined in
24 h. It could probably conclude that limited P and N
removal after 24h was the carbon source exhausted. The
initial concentration of NO3--N was 140 mg/L and the
initial concentration of PO43- was 80 mg/L. The biomass
was 9.2×108 cells/mL. After one day, the efficiency of N
and P-removal for strain CL-5 was 57.5% and 50.2%
(Fig. 7). By the end of the experiment, N and P-removal
was 72.3% and 64.1% of CL-5. It shows that CL-5 could
be applied to the wastewater treatment, especially for the
high concentrations of N and P wastewater.
4 CONCLUSIONS
A new strain of DPB CL-5 was screened and identified as a strain of Paenibacillus lautus. The optimal temperature of its denitrifying and phosphorus removing was
30 ˚C, and the optimal pH was 7-8. The denitrifying gas

product of CL-5 was N2. The efficiency of nitrogen (N)
removal and phosphorus (P) removal of CL-5 were 72.3%
and 64.1% after 96 h. The high N and P removal efficiency indicated that CL-5 could be applied to wastewater
treatment, especially for the high concentration of N and
P wastewater.
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ABSTRACT
Substrate enzyme plays an important role in the transformation and the degradation processes of nutrients in
constructed wetlands. The spatial distribution of the substrate enzymes, including urease, dehydrogenase and phosphatase, was monitored systematically. Meanwhile, the
spatial distribution of dissolved oxygen and the spatial
degradation rule of nutrients were investigated. The relationship between the enzyme activities and wetland operation characteristics was analyzed. Results showed that
there was a close relationship between the spatial distribution of dissolved oxygen, the spatial degradation regularity of nutrients, and the enzyme activities. The activity of
urease, dehydrogenase and phosphatase in the upper layer
of soil was generally higher than that in the lower layer.
The distribution regularity of the urease activity was similar with that of dissolved oxygen. The activity of dehydrogenase and phosphatase declined gradually along the flow
in the wetland. The urease activity influenced the nitrification intensity significantly, showing a remarkable positive correlation with the nitrification intensity in the wetland. The dehydrogenase activity had no significant correlation with the nutrient removal, but was associated with
the accumulation of organic matters in the substrates. The
phosphatase activity was closely related to degradation of
organophosphorus.

KEYWORDS: constructed wetland, substrate, enzyme activity,
operation characteristics

1. INTRODUCTION
As an efficient ecological technology, constructed wetland systems are increasingly applied in the treatments of
* Corresponding author

various types of sewage [1-3]. It has been gaining international interests due to its low maintenance requirements,
low operational cost, and high removal capacity for both
point and non-point source pollution [4].
As a kind of biological catalyst, soil enzyme activity
is proposed to be an important determinant of water quality improvement in a constructed wetland [5]. During treatment of wastewater in constructed wetlands, high-molecular
organic pollutants are degraded to low-molecular compounds and inorganic products via the microbial metabolism and enzyme activity [6]. For example, cell-wall degrading enzymes and microorganisms contribute to pathogen removal [7]. Phosphotriesterase activity is correlated
with chlorpyrifos biodegradation [8]. It was also reported
that soil pH and enzyme activities are strongly related with
soil CO2 efflux [9]. Shackle [10] suggested that exogenous
enzyme supplement to constructed wetlands could enhance
the biodegradation process. Enzyme synthesis in constructed
wetlands is determined by the abundance and composition of
the microbial community present in soil [11]. Meanwhile, it
is also affected by soil factors (pH, organic matter content,
nutrient composition, etc.) and climate factors [12, 13]. For
example, it was reported that pyrene was not advantageous
for plant growth and soil enzyme activity [14].
According to previous research, it could be concluded
that substrate enzyme activity plays a vital role in
wastewater treatment process in constructed wetlands. It
could be used as an indicator to reflect changes in microbial communities associated with environmental factors. However, few researchers have focused on the spatial
distribution of substrate enzyme activity, and there still
remains a lack of information on its mechanism influencing wetland operation performance. Therefore, the activity of urease, dehydrogenase and phosphatase in the
subsurface-flow wetlands was investigated in this study
in order to determine the relativity between the distribution of enzymes and the removal rates of pollutants. Finally, the possibility was discussed whether the enzyme
activity could be used as an assessment criterion for the
purification effect of the specific substances in the subsurface-flow constructed wetland.
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2. MATERIALS AND METHODS
2.1 Constructed wetlands

The experiments were conducted in a wastewater treatment plant in Nanjing city, Jiangsu province in eastern
China. Six horizontal subsurface-flow wetlands were constructed. The construction of the wetlands is shown in
Fig. 1(a). The dimension of the wetlands was 3.0 ×1.0 ×
1.0 m (length × width × depth) and the bottom slope was
1-2%. Each of the wetlands consisted of three parts, which
were an inflow section, a disposal section and an outflow
section. Furthermore, the inflow and the disposal sections
were divided with a perforated board in order to ensure
flow uniformity. The inflow section was filled with gravel
(particle size, 40 mm) to prevent short-circuiting and facilitate an initial filtering of the sewage, thus preventing the
wetlands from becoming blocked. The disposal section
was filled with four-layer substrates: a 0.2 m-thick bottom
layer of large-sized gravel (particle size, 40-60 mm); a
0.3m-thick middle layer of medium-sized gravel (particle
size, 20-40 mm); a 0.05 m-thick upper layer of small-sized
gravel (particle size, 10-30 mm); and an approximately
0.35 m-thick surface layer of soil. The outflow section was
filled with gravel too (particle size, 40 mm). This section

was similarly divided with a perforated board from the
disposal section to prevent short-circuiting. There were
three effluent pipes, the heights of which were 0.2, 0.4
and 0.6 m, respectively. In this research, the operation
water level was controlled at the height of 0.6 m. As for
vegetation, reed (Phragmites communis trins) was planted
with a planting density of 15-20/m2. As shown in Fig. 1(b),
there were 15 total water sampling points on each wetland, which were set up along the flow distance (0.5, 1.0,
1.5, 2.0 and 2.5 m from the inflow section) at three layers
(0.1, 0.45 and 0.65 m from the surface of the wetlands).
During the experiments, continuous inflow was adopted
in all the wetlands. The hydraulic retention time (HRT) was
controlled at 5-6 days.
2.2 Measurement of water quality parameters

The inflow to the wetlands was the effluent from the
primary clarifier of the Wastewater Treatment Plant. The
influent water quality is shown in Table 1. Inoculated
sludge used for the start-up period of wetlands was obtained from aeration tanks. Mixed liquor suspended solids
(MLSS) =1.4 /L, sludge settling ratio (SV) = 0%, sludge
volume index (SVI) = 20.

FIGURE 1 - The horizontal subsurface-flow constructed wetlands: (a) structure of the wetlands and (b) layout of the water sampling points
on the profile of the wetlands.

TABLE 1 - The water quality of the inflow.
COD
DO
NH4+-N
NO3--N
(mg·L-1)
(mg·L-1)
(mg·L-1)
(mg·L-1)
248 (58)
0.92 (0.22)
56 (12)
9.2 (2.4)
Values are means with SD in parentheses (n≥80).
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TN
(mg·L-1)
68 (18)

SS
(mg·L-1)
156 (49)

TP
(mg·L-1)
4.8 (0.81)
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The measured water quality parameters were as follows:
dissolved oxygen (DO), chemical oxygen demand (COD),
total nitrogen (TN), total phosphorus (TP), ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3--N). All methods
were performed in accordance with the Standard Methods
for Monitoring Water and Wastewater Quality [15].

program. All experimental data are presented as arithmetic mean values, for most of the date showed a normal
distribution. Relationships between the enzyme activity and
the nitrification intensity, or the organic matter content,
were assessed by Pearson linear correlation analysis. The
level of significance for all analyses was set at α = 0.05.

2.3 Measurement of soil parameters

To investigate spatial variation of the enzyme activities, the six soil samples were collected from two depths
(5-10, and 20-30 cm) along the flow direction (50, 150
and 250 cm away from the inflow section).
The rhizospheric samples were collected from the target plants in the wetland using the hand-shaking method
[16], and then were mixed to form a composite sample. To
avoid edge effects, rhizospheric samples were taken near
the centre of each wetland. The non-rhizospheric samples
were collected in the points, more than 0.25 m away from
the target plants, and then were mixed to form a composite sample. After plant roots and macro-fauna were removed, the samples were sieved (around 2 mm) and divided into two sub-samples. One sub-sample was stored
in a refrigerator at 4 °C for analysis of enzyme activities,
while the second one was air-dried at room temperature
for the analysis of nutrient concentrations.
The urease activity was analyzed using a buffered
method [17]. Ammonia released from 2 of the CW substrate after extraction with 50 Llf KCl/phenyl mercuric
acetate (PMA) solution was determined colorimetrically
at 690 nm. Dehydrogenase activity in the CW substrate
was determined by adding 5 ml of 0.5% triphenyl tetrazolium chloride (TTC) to 5 g of CW substrate [17]. Microorganisms reduced TTC to triphenyl formazan (TPF),
which could be colorimetrically determined at 485 nm
after 24-h incubation at 37 °C. The phosphatase activity
was measured using a modified method [18]. A soil sample
(1 g) was mixed with 0.25 ml toluene, 4 ml acetate buffer
(pH 5.8) and 0.25 ml 0.115 M p-nitrophenol phosphate
substrate solution, and the sample mixture was incubated
for 1 h at 37 °C. The reaction was terminated by adding 4 ml
0.5M NaOH. The formation of p-nitrophenol was determined spectrophotometrically at 400 nm, and enzyme activity was expressed as µg p-nitrophenol g-1 soil h-1. The nitrification intensity was measured according to the standard
microbiology analysis method. Soil suspension sample
(1 ml, diluted 1/10), was put into 30 ml nitrite medium and
then incubated for 15 days at 28 °C. After filtration, 1 ml
solution was mixed with 40 ml water and 1 ml p-aminobenzene sulfonic acid, and then kept in the dark for 10 min.
The nitrification intensity was determined colorimetrically
after adding 1 ml α-naphthylamine and 1 ml 20% sodium
acetate solution. For all soil parameters, assays were performed in triplicate and corrected by using a blank.
2.4 Statistical analysis

Statistical analysis, including standard deviation, was
performed using the Statistical Package for Social Science

3. RESULT AND DISCUSSION
3.1 Spatial distribution of dissolved oxygen (DO) and oxidation-reduction potential (ORP)

During the experiments, the atmospheric temperature was 25±5 °C. The everyday sampling time was from
9:00 am to 10:00 am. The mean DO concentration of the
inflow was 0.84 mg/L. The DO concentration of the water
samples from the 15 sampling points was monitored.
Meanwhile, the ORP was investigated along the flow distance in 0.1 m deep soil. The results are shown in Fig. 2.
As shown in Fig. 2(a), the DO level was generally
low in the wetland. The DO level in the upper layer was
higher than that in the middle layer, which was higher
than that in the bottom layer. The DO concentration in the
upper layer was between 0.4 and 0.55 mg/L. The ORP
was between -270 and -235 mV. In the bottom layer, the
DO concentration was lower than 0.1 mg/L at the rear
part of the wetland. The mean DO value was lower than
0.25 mg/L. It can be concluded that the plant-producing
oxygen is the main oxygen source in the wetland. As a
kind of aquatic vascular plant, the hollow stems of reeds
are conducive to oxygen transportation. Furthermore, their
well-developed roots make oxygen well-distributed in
rhizospheric area. As most of the roots are concentrated in
the upper and middle layers of the wetland, the oxygen
level is higher there than that in the bottom layer. Moreover, the re-aeration on the surface of wetland also supplies
oxygen in the upper layer, which makes the DO level in the
upper layer higher than that in the middle layer.
Fig. 2(a) also shows the DO distribution rule along the
flow in the constructed wetland. The DO concentration in
the front part of the wetland was the highest. Then, it began
to decline in all layers. In the middle part of the wetland,
the DO level was still declining in the bottom layer, while
increasing from 0.4 to 0.5 mg/L in the upper layer and
levelling off in the middle layer. In the rear part of the
wetland, the DO concentration in all layers showed a
significant downward trend.
As shown in Fig. 2(b), the ORP value in the upper
layer of the wetland showed a significant rule along the
flow direction: declining in the front part, then increasing
in the middle part and, finally declining in the rear part. It
was consistent with the variation of the DO distribution in
the upper layer. The variation of DO and ORP could be
explained by relating the nutrient degradation process in
the wetland.
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FIGURE 2 - Spatial changes in the DO distribution and the ORP in the wetland: a) The spatial distribution of DO in three layers of the
wetland; (b) changes in the ORP of the upper layer along the flow.

FIGURE 3 - Spatial changes in the nutrient removal rate along the flow: a) spatial change in COD removal rate; (b) spatial change in TP
removal rate; (c) spatial change in TN removal rate; (d) spatial change in NH4+-N removal rate.

3.2 Spatial changes in the nutrient removal

In order to explain the DO spatial distribution further,
the nutrient removal rates (COD, TN, TP and NH4+-N)
were investigated along the flow in the subsurface-flow
constructed wetland, as shown in Fig. 3.

As shown in Fig. 3(b), the TP removal rate increased
gradually along the flow. It was indicated that the TP removal process mainly depended on the physical-chemical
function of the substrates and the absorption of the plants.
It was almost unaffected by DO distribution in the wetland.
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On the other hand, the removal rates of COD, TN and
NH4+-N along the flow were closely related with DO
distribution. As shown in Fig. 3(a), the COD removal rate
increased significantly in the front part of the wetland, and
reached 75% in the middle of the wetland. But its upward
trend gradually slowed down in the middle and rear parts,
which suggested that the organic matters were mainly
removed in the front and middle parts of the wetland. The
rapid degradation of organic matters consumed a large
amount of oxygen, which led to a rapid drop of DO concentration in the front part of the wetland.
Then, the rapid decrease of DO in the front part influenced the nitrogen removal process. As shown in Figs. 2(c)
and (d), the nitrogen removal rate was extremely low in
the front of the wetland. It could be concluded that as a
kind of autotrophic bacteria, the nitrifying bacteria were
disadvantageous in the competition with the heterotrophic
ones. However, under this lower-oxygen and sufficientcarbon conditions, the denitrification process could proceed smoothly.
As the degradation rate of the organic matters levelled
off in the middle and rear parts, the consumption rate of
oxygen slowed down. Meanwhile, the plant photosynthetic
process and the surface re-aeration process replenished the
oxygen in the wetland. This was conducive for the proliferation of the nitrifying bacteria. Then, it resulted in a significant increase of N removal rate in the rear part of the
wetland.
3.3 Spatial distribution of the substrate enzyme activity

Wetland enzyme plays a very important role in the pollutant biodegradation process of constructed wetland [19].
The vital movements of the microorganisms, the microfauna and the plants contribute co-ordinately to the enzyme
accumulation in the wetland substrates. Substrate enzyme
was involved in many important biochemical processes,
such as humus synthesis and hydrolysis, as well as organic
matter hydrolysis. In this paper, the spatial distribution of
three substrate enzymes was monitored. Meanwhile, the
distribution of the nitrification intensity and organic matter content were investigated. The relationship between
them was analyzed.

3.3.1 Spatial distribution of the urease activity and the nitrification intensity

The spatial distribution of the urease activity in the
wetland is shown in Table 2. It was higher in the upper
layer of the wetland than that in the lower layer. This distribution of urease activity was similar with that of oxygen.
It indicated that the substrate enzyme and the relative
microbial population were affected significantly by the
oxygen level in the wetland. The sufficient oxygen environment improved the urease activity. The variation of urease
activity along the flow is also shown in Table 2. It was indicated that the urease activity in the middle part was higher
than that in the front and rear parts.
In order to explain the relationship between the urease
activity and the nitrogen removal, the distribution of nitrification intensity was investigated. The result is shown in
Table 3. The nitrification intensity in the middle part was
higher than that in the front and rear parts. That in the
upper layer was significantly higher than that in the lower
layer. The variation was in concordance with the oxygen
distribution and the nitrogen degradation along the flow in
the wetland. It could be concluded that the urease activity
and the oxygen distribution have a significant impact on
the nitrogen removal in the wetland.
Meanwhile, the correlation between the substrate urease
activity and the nitrification intensity was analyzed. The
result showed that the urease activity and the nitrification
intensity had a close relationship (r = 0.86, P<0.05). It
could be concluded that the urease activity had an important impact on the nitrogen removal in the wetland. It
impelled the hydrolysis process of the nitrogenous organics. The product, ammonia, was then nitrified into nitrite
and nitrate, and finally, denitrified into nitric oxides and
nitrogen. Therefore, urease activity has a remarkable influence on the transformation and degradation process of
nitrogen.
3.3.2 Spatial distribution of dehydrogenase activity and organic matter content

As shown in Table 4, the dehydrogenase activity decreased gradually with the flow in the wetland whereas
that in the front part was significantly higher than that in

TABLE 2 - The urease activity in the constructed wetland (µg•g-1•d-1 ).
0.5 m along the flow
5-10 cm deep
1236.76 (253.21)
20-30 cm deep
938.24 (169.32)
Notes: Values are means with SD in parentheses (n≥3).

1.5 m along the flow
1331.30 (198.45)
1004.53 (101.34)

2.5 m along the flow
1030.49 (142.69)
860.20 (99.87)

TABLE 3 - The nitrification intensity in the constructed wetland (g•kg-1•d-1).
0.5 m along the flow
5-10 cm deep
91.63 (19.24)
20-30 cm deep
82.34 (6.32)
Notes: Values are means with SD in parentheses (n≥3).

1.5 m along the flow
97.45 (15.32)
86.41 (10.54)
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TABLE 4 - The dehydrogenase activity in the constructed wetland (µg•g-1•d-1).
0.5 m along the flow
5-10 cm deep
361.49 (43.17)
20-30 cm deep
206.31 (27.89)
Notes: Values are means with SD in parentheses (n≥3).

1.5 m along the flow
168.32 (22.45)
110.29 (20.22)

2.5 m along the flow
103.61 (19.23)
63.74 (18.12)

TABLE 5 - The organic matter content in the constructed wetland (%).
0.5 m along the flow
5-10 cm deep
4.28 (0.82)
20-30 cm deep
3.96 (0.62)
Notes: Values are means with SD in parentheses (n≥3).

1.5 m along the flow
2.17 (0.33)
2.03 (0.34)

2.5 m along the flow
1.70 (0.12)
1.43 (0.21)

TABLE 6 - The phosphatase activity in the constructed wetland (mg•d-1)
0.5 m along the flow
5-10 cm deep
0.60 (0.07)
20-30 cm deep
0.42 (0.05)
Notes: Values are means with SD in parentheses (n≥3)

1.5 m along the flow
0.21 (0.04)
0.14 (0.03)

the middle and rear parts. The variation of dehydrogenase
activity along the flow was closely related to organic matter
accumulation and degradation. As shown in Fig. 3(a), the
organics were mainly removed in the front part of the wetland. Some of the removed organics were degraded by
microorganisms, but a considerable part of them was intercepted and accumulated by the substrate and the plant
roots in the front part of the wetland. The dehydrogenase
promoted the dehydrogenation reaction of these accumulated organics and in the vertical direction, dehydrogenase
activity in the upper layer was higher than that in the
lower layer. The reason was that the exuberant plant root
tissues accumulated in the upper soil, not only supplying
oxygen, but also increasing soil porosity and microbial
quantity being beneficial for organics removal.
In order to investigate the relationship between the
dehydrogenase activity and the organic matters, their
content in the soil substrate was monitored, as shown in
Table 5. Organic matter content in the front surface soil in
the wetland was the highest, which was consistent with
the variation of the organic matter removal rate, and also
with the distribution of the dehydrogenase activity.
The correlation between the substrate dehydrogenase
activity and the organic matter content was analyzed. The
result showed that dehydrogenase activity and organic
matter content had a close relationship (r = 0.91, P<0.05).
It could be concluded that dehydrogenase activity was
closely related to the organic removal process. In addition,
dehydrogenase activity could be used as an important
parameter to reflect the accumulation of the organic matters in the soil substrate, which could be further applied to
judge the blocking situation in the substrate.
3.3.3 Spatial distribution of phosphatase activity

The spatial distribution of the substrate phosphatase
activity in the wetland is shown in Table 6. Along the

2.5 m along the flow
0.14 (0.02)
0.10 (0.01)

depth direction, phosphatase activity in the upper layer
was higher than that in the lower layer. The reason was
that the better oxygen environment in the upper layer resulted in richer microbial quantity. The extracellular phosphatase was secreted by the microorganisms and the plant
roots. Therefore, there was a high phosphatase activity in
the upper layer.
Along the flow, phosphatase activity in the front part
was the highest and decreased along with the distance. It
could be explained by relating to organophosphorous degradation. The reason was that phosphatase promoted the
transfer from organic to inorganic phosphorus, while the
inflowing organic phosphorus was mainly hydrolyzed in
the front part of the wetland. As the wastewater flowed
through the middle and rear parts of the wetland, organophosphorus concentration decreased gradually, inorganic
phosphorus concentration increased, and the phosphatase
activity decreased gradually.
4 CONCLUSIONS
(1) The oxygen level in the constructed wetland was
generally low and its spatial distribution could be described as follows: in the vertical direction, the DO dropped
from the upper to the bottom layer; along the flow direction, the DO in the bottom layer decreased gradually, while
the DO in the upper and middle layers increased significantly in the middle part, and then declined in the rear
part of the wetland. The DO spatial distribution had an
obvious impact on the nutrient removal efficiency in the
wetland.
(2) The spatial variation on the nutrient removal rates
in the constructed wetland was closely related to the enzyme activities. The enzyme activities in the upper layer
of the wetland were generally higher than those in the
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lower layer. Dehydrogenase and phosphatase activities decreased gradually along the flow direction.
(3) The urease activity was significantly positively
correlated with the nitrification intensity in the wetland.
The dehydrogenase activity was significantly positively
related with the accumulation of the organic matters.
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DISSIPATION AND RESIDUE OF BISPYRIBAC-SODIUM
IN DIRECT-SEEDED RICE AND PADDY FIELD
Xinhong Wang, Zhiguang Hou, Xiaofeng Zhao and Zhongbin Lu*
College of Resources and Environment, Jilin Agricultural University, Changchun, China

ABSTRACT
An experiment was conducted to investigate safety of
bispyribac-sodium application on direct-seeded rice and
paddy field by determining its residues in water, soil, rice
plants, husked rice and rice hull. Its dissipation in water,
soil and rice plants was also evaluated by the first-order
kinetics. The residues of bispyribac-sodium in water, soil,
rice plants, husked rice and rice hull were all undetectable
(<0.05 mg kg-1) at the harvest time, and the residues were
below the maximum residue level recommended by Ministry of Agriculture of the People’s Republic of China
(0.1 mg kg-1). The half-lives in water, soil and rice plants
were within the range of 3.0-3.3d, 2.8-3.1d and 2.6-6.7d,
respectively. The high dissipation rate and the low residue
level of bispyribac-sodium suggest it to be safe for humans
and animals as well as the environment when it is sprayed
on direct-seeded rice at the recommended dosage.

researchers that there exists a synergism between bispyribac-sodium and other herbicides such as thiobencarb, sulfosulfuron, imazosulfuron etc. in paddy field [5,7,8]. As far
as the food safety is concerned, the residue of bispyribacsodium is an important research topic, but the results reported in literature are controversy. For example, the content of bispyribac-sodium in milled rice might exceed the
limit established by the Codex Alimentarius (0.1 mg kg-1)
[9], whereas, in other cases, the residue might be acceptable [10]. As compared with transplanting rice, the directseeded rice is an alternative in China because of the advantage of labor and cost saving [11]. As far as we know,
no report has been presented so far to discuss the dynamics and residues of bispyribac-sodium in direct-seeded
rice and paddy field, especially in China. In this paper, the
distribution of bispyribac-sodium in direct-seeded rice and
field were determined.
2 MATERIALS AND METHODS

KEYWORDS: Bispyribac-sodium, direct-seeded rice, dissipation,
residue, maximum residue level.

1 INTRODUCTION
In China, rice (Oryza sativa L) is not only the main
food for the people, but also the main export crop to the
world. The planting area of rice in China takes up about
23% of world’s total and the production accounts for
more than 30% [1]. Unfortunately, the yield is often cut
by weed infestation. Herbicides are one of the effective
methods and will still be applied for a long time in the
future. However, it is unclear whether the application of
high effective herbicide can decrease the quality of agricultural products [2-4].
Bispyribac-sodium {2,6-Bis[(4,6-dimethoxy-2-pyrimidinyl)oxy]-benzoic acid sodium salt} is a pyrimidinyl carboxy
herbicide and can be used to control Echinochloa spp. in
rice [5]. The synthesis of acetolactate synthase, an enzyme
used in the biosynthesis of branched-chain amino acids [6]
could be inhibited by this herbicide. It was proved by many
* Corresponding author

2.1 Chemicals and Solvents

The standard bispyribac-sodium (99.5%), as 20% wettable powder (WP) of bispyribac-sodium, used in this experiment was provided by Jiangsu Jiangnan Agrochemical
Co., Ltd. Analytical grade sodium bicarbonate, sodium
chloride, ethyl acetate and hydrochloric acid were obtained
from Beijing Chemical Reagent Co., Ltd. HPLC-grade
methanol was purchased from Fisher Scientific Worldwide
Co., Ltd.
2.2 Field Design

All the field trials were carried out according to the
“Guidelines on Pesticide Residue Trials” (NY/T 788-2004)
issued by the Institute for the Control of Agrochemicals,
Ministry of Agriculture, People’s Republic of China. The
field trials were conducted in Hailun (Hei Longjiang Province) and Changsha (Hunan Province) from 2009 to 2010.
None of the plot used in this experiment had been treated
by bispyribac-sodium in the past. The two trial sites had
been used to cultivate rice for at least two years.
There were two treatments in the experiment: (1) dissipation experiment and (2) final residue experiment. The
plot for each treatment (including control) was 30 m2 and
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was replicated three times. Bispyribac-sodium was applied
once when the Echinochloa spp. was at 3-5 leaf stage.
2.3 Bispyribac-sodium Dissipation

In the dissipation experiment, bispyribac-sodium (WP,
20%) was dissolved in water (600L) and sprayed to the
plots at a dosage of 90 g a.i. ha-1 (1.5 times the recommended dosage). Two hours after spraying, 500 mL water,
500 g soil and 500 g rice plants were collected from 5 randomly selected points within each plot. Soil was sampled at
a depth of 0-10 cm in each plot. The rice plants were cut
into small pieces (about 1 cm long). The sampling processes mentioned above were repeated at 1, 3, 5, 7, 14,
20, 30, 40 and 60 days after spraying. There was one
more repetition at 8 h after spraying for soil sampling. All
samples were stored at -20 oC before analysis.
2.4 Determination of Final Bispyribac-sodium Residues

The growth period of rice used in this experiment was
about 3-5 months. To investigate the maximum final residues of bispyribac-sodium in rice and environment and
reduce the risk, two dosage levels were designed in the
experiment. The high and low dosage of bispyribac-sodium
were 90 g a.i. ha-1 and 60 g a.i. ha-1, respectively. The soil,
rice plants and rice grains were sampled at the time of the
harvest. All samples were stored at -20 oC before analysis.
2.5 Analytical Methods

The soil samples (200 g) were sifted through a 40mesh sieve after removing the large stones and any other
impurity. The rice plants and straws (200 g) were cut into
small pieces (about 0.5 cm × 0.5 cm). The water samples
(500 mL) were filtered. At the harvest, rice was shelled
into rice hull and husked rice and ground to powder.

Bdshypersil C18 column (250 mm×4.6 mm×5 µm) was used
for separation and was maintained at 30 oC. The mobile
phase for soil and water samples consisted of methanol/water
(including 0.04% phosphoric acid) (65/35, V/V). The mobile phase for rice plant, rice hull and husked rice consisted of methanol/water (including 0.04% phosphoric acid)
= 54/46 (V/V) for the first 25 mins and was adjusted to
methanol/water (including 0.04% phosphoric acid) =
80/20 (V/V) and was brought back to methanol/water (including 0.04% phosphoric acid) = 54/46 (V/V) from 40 min
to 45 min. The flow rate was 1.0 mL min-1. The detection
wavelength was 250 nm and the injection volume was
10 µL. The retention time (Rt) for bispyribac-sodium in
soil and water was 9.5-9.7 min, and for rice plant, rice
hull and husked rice was 28.8-29.4 min.
2.5.2 Quantification

Different amounts of standard bispyribac-sodium
(99.5% purity) were added to the blank samples of water,
soil, rice plant, rice hull and husked rice. Then the
bispyribac-sodium residues in these samples were determined by the external standard method. The recovery was
determined with single-point calibration. There was a positive linear relationship (y = 4149.8x+1485.1, r = 0.9997)
between the peak area (y) for bispyribac-sodium and its
concentration (x) in the range 0.125-5.0 mg L-1.
The residual amount and half-life of bispyribac-sodium
could be described by the first-order kinetic equations Ct
= C0e-kt and t1/2=ln 2/k, respectively. Ct is the concentration at time t, C0 is the initial concentration, k is the firstorder rate constant and t1/2 is the half-life [13].
The data of this experiment were statistically processed using Origin 7.0 software, including the calculation of average values and standard deviation.

2.5.1 Extraction and clean-up

The extraction and clean-up processes followed the
modified method of Zheng et al. [12]. The samples of soil
(50 g for air-dried), rice hull (10 g) or husked rice (20 g)
were extracted with 100 mL 4% sodium bicarbonate solution by controlled crystal oscillator for 60 mins. The sample
of rice plant (20 g) was extracted with 100 mL 4% sodium
bicarbonate solution by tissue triturator for 3 mins. Then all
the samples (soil, water, rice plant, rice hull and husked
rice) were collected by filtration under reduced pressure
with filter aid in a Buchner funnel.
The extracted solution (50 mL) was put into a 250 mL
separatory funnel with 50 mL 10% NaCl solution (the pH
value was adjusted to 3 by 1 mol L-1 HCl solution) and
40 mL ethyl acetate for re-extraction. The process was
repeated three times. The collected ethyl acetate phase was
evaporated to near dryness by filtration under reduced
pressure at 40 oC and to dryness under a gentle nitrogen
stream. The residue was redissolved in 5 mL methanol for
liquid chromatography (LC) analysis.
Bispyribac-sodium was determined using a Shimadzu
LC-20AB equipped with an ultraviolet (UV) detector. A

3 RESULTS AND DISCUSSION
The recovery experiment was conducted at three fortification levels (shown in Table 1). There were five replicates of fortified samples in each level for water, soil, rice
plant, husked rice and rice hull. The mean recoveries were
within the range of 82.4-102%. The relative standard deviations (RSDs) ranged from 1.9% to 8.4%. All the recoveries
and RSD values were within the acceptable limits for routine analysis of bispyribac-sodium residues. This result
demonstrated that the analysis method used in the experiment was reliable.
The dissipation kinetics equations, determination coefficient and half-lives of bispyribac-sodium in water, soil
and rice plant in the two sites (Hei Longjiang and Hunan)
are shown in Table 2. The residues of bispyribac-sodium
in water, soil and rice plant were all found to dissipate
gradually with time (Fig. 1 to Fig. 3). The initial residues
of bispyribac-sodium in water were higher than that in
soil (Fig. 1 and Fig. 2). The possible reason was that there
existed a 3-5 cm water layer above the soil. Consequently,
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TABLE 1 - Fortified recoveries of bispyribac-sodium in water, soil, rice plant, husked rice and rice hull (n=5).
Matrix
Water
Soil
Rice plant
Husked rice
Rice hull

Fortified level (mg kg-1)
0.05
0.1
1.0
0.05
0.1
1.0
0.05
0.1
1.0
0.05
0.1
1.0
0.05
0.1
1.0

Average recovery (%)
97.2
88.2
85.4
102
93.8
82.4
92.1
84.5
84.2
100
93.5
90.5
101
98.4
88.7

RSD (%)
4.5
3.3
4.4
3.0
3.6
2.4
2.5
3.2
3.9
3.7
3.1
8.4
3.9
2.0
1.9

TABLE 2 - Dissipation equation, correlation coefficient and half-life of bispyribac-sodium under the paddy field conditions.
Sample
Water
Soil
Rice plant

Sample location
Hei Longjiang
Hunan
Hei Longjiang
Hunan
Hei Longjiang
Hunan

Regression equation
C=0.222e-0.228t
C=0.238e-0.205t
C=0.183e-0.249t
C=0.115e-0.222t
C=0.219e-0.104t
C=1.954e-0.262t

the pesticide get into water first and then to soil. The different local climate conditions might also affect the initial
concentration of bispyribac-sodium in water and soil [14].
The half-lives of bispyribac-sodium in both water and soil
of Hei Longjiang were all slightly less than that of Hunan.
From the first day after bispyribac-sodium application, the
residue in Hunan was higher than in Hei Longjiang (Fig. 1).
The temperature ranges for the first 20 days after the application are shown in Table 3. The temperatures in Hunan
were higher than that of Hei Longjiang. Since Hunan is in
the south of China, the climate in Hunan is more humid.
The higher temperature and the humid climate in Hunan
might slow down the dissipation rate of bispyribac-sodium
in water and soil. The organic matter content is another important factor affecting the degradation and adsorption of
bispyribac-sodium in soil (Fig. 2). The organic matter content of the soil from Hei Longjiang (Table 3) was 3.5%. This
value was much higher than that from Hunan (2.1%). Soil
containing more organic matter could increase the amount
of herbicide adsorption [15-17]. Furthermore, other environmental factors would also influence the degradation of
herbicide, such as pH, rainfall, sunshine and so on [18,19].
The initial residue of bispyribac-sodium in rice plants
in Hunan was approximately 9 times more than that in Hei
Longjiang (Fig. 3). The difference of climate and environmental factors between the two sites might also be the main
reason. It was known that bispyribac-sodium was an ALSinhibiting herbicide which could be taken up by plant quickly [6]. Some experiments had found that a higher temperature could increase bispyribac-sodium efficacy for
weed [20], which means bispyribac-sodium might be easier

Correlation coefficient
0.900
0.949
0.868
0.931
0.837
0.972

Half-life (day)
3.1
3.3
2.8
3.1
6.7
2.6

FIGURE 1 - Residue dynamic of bispyribac-sodium in the soil in
Hunan and Hei Longjiang, China.

FIGURE 2 - Residue dynamic of bispyribac-sodium in water in
Hunan and Hei Longjiang, China.
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TABLE 3 - Climate and soil characterization of Hei Longjiang and
Hunan

Longitude
Latitude
Temperature range
Soil texture
pH
Total organic matter content (%)

Hei Longjiang
126°34′E
47°17′N

Hunan
112°35′E
28°7′N

16.8-25.5℃
Meadow
7.0
3.5%

21.4-29.6℃
Clay
6.3
2.1%

(ADI) of bispyribac-sodium is 0.011 mg kg-1 body
weight.
4 CONCLUSIONS
It was concluded that 20% wettable powder (WP) of
bispyribac-sodium was safe for both direct-seeded rice
and environment when it was sprayed at the recommended
dosage (60 g a.i. ha-1). In many parts of China, the fresh or
processed rice plant and rice hull are also used as feeds.
According to the results of this work, the rice plant and hull
might be safe to be used as feeds as well. We suggest that
20% wettable powder (WP) of bispyribac-sodium should
be sprayed once at a dosage no more than 60 g a.i. ha-1.
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to enter into the plant (such as weed and crop) at sites with
a higher temperature. So when the amount of bispyribacsodium applied was the same, there would be more
bispyribac-sodium remained in rice plant in Hunan than
that in Hei Longjiang. Besides, the growth conditions of
the rice could also affect the concentration of pesticide.
The half-life of rice plants in Hunan was less than that of
Hei Longjiang. The growth dilution of rice plants may
play a significant role in the degradation of bispyribacsodium in rice plants [21]. In this experiment, the growth
period of rice in Hunan (about 3 months) was shorter than
that of Hei Longjiang (about 5 months). The different
growth rate would result in the different half-lives of
bispyribac-sodium in rice. The factors mentioned above
might lead to the different dissipation of bispyribac-sodium
in rice plants. Although the initial residues of bispyribacsodium in water, soil and rice plants were dramatically
different, the residues were all below the Limit of Quantity
(<LOQ) in the two sites later. This indicated that bispyribac-sodium dissipated rapidly in both sites and rice
plants.
In the final residue experiments, the residues in the
soil, rice plant, husked rice and rice hull from Hei
Longjiang and Hunan were all undetectable (<LOQ) when
the bispyribac-sodium was sprayed at either high (90 g a.i.
ha-1) or low (60 g a.i. ha-1) applied dosage. The maximum
residue limit (MRL) is the safety limit of pesticide in
agricultural products and food. The MRL for bispyribacsodium has not been established so far by FAO/WHO. In
China, the MRL of bispyribac-sodium in rice grain is
recommended as 0.1 mg kg-1. The acceptable daily intake
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THE EFFICIENCY OF CONSTRUCTED WETLAND
AND ULTRASOUND FOR WATER REUSE IN A
CLOSED-LOOP SMALL-SCALE CYPRINID FISH FARM
Aleksandra Krivograd Klemenčič1,2,* and Tjaša Griessler Bulc1,2
2
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University of Ljubljana, Faculty of Health Sciences, Zdravstvena pot 5, 1000 Ljubljana, Slovenia
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ABSTRACT
This study has been carried out to evaluate the treatment performance and fish production of a small-scale
cyprinid fish farm with a closed-loop system. The smallscale cyprinid fish farm consisted of a 0.2 m³ experimental fish tank (Tank A) with initial carp load of 1 kg/m³
or 19 juvenile carp (Cyprinus c. carpio L.), a treatment
train (TT) consisting of a model vertical constructed wetland (CW), and an ultrasonic unit (US) installed in the
corner of the tank. The average circulation of the water in
the closed-loop system was 60 L/h. Tank A was compared
with a control tank (Tank B) of the same dimensions and
fish load but with no TT. The experiment was divided
into three sequential trials and a preliminary trial that was
performed to evaluate the efficiency of a US for algae
control. In the first trial, the CW was filled with expanded
clay, in the 2nd trial the CW was filled with sand, and in the
3rd trial the TT was a combination of the CW filled with
sand and the US. The results showed that the system with
CW filled with sand performed better for chemical oxygen demand, ammonium nitrogen, total phosphorous and
orto-phosphate, while the system with CW filled with expanded clay performed better for biochemical oxygen demand, nitrate nitrogen and nitrite-nitrogen. There were
no differences in total suspended solids between both systems. Specific growth rates and the fish body weight increase in Tank A were higher than in Tank B (0.073 %/day,
0.068 %/day, 125% and 122% in the 1st trial and 0.073%/day,
0.062%/day, 150% and 141% in the 2nd trial, respectively)
indicating better conditions for the fish to thrive in Tank A.
In the third trial, the values of the above-listed parameters
in Tank A were higher than in the first two trials due to an
accumulation of nutrients in Tank A. The results of the
preliminary trial showed that US reduced algae biomass in
free water by 63%, while the accumulation of algal mats on
the tank walls was more intensive after US installation.

* Corresponding author
KEYWORDS: Constructed wetland; Fish farming; Recirculation;
Ultrasound; Water treatment

1 INTRODUCTION
Food safety has become an essential function of public health services. Recent trends in global food production, processing, distribution and preparation are creating
an increasing demand for food safety research in order to
reduce health risks and increase food supply. Demand for
fish has increased in recent decades due to the progressive
impoverishment of natural fish stock populations and health
concerns regarding other forms of meat. Consequently, the
development of aquaculture is increasing throughout the
world. In Europe, a decrease of aquaculture had been registered as a result of the political changes in Eastern Europe
since 1990, but currently aquaculture development in Europe
is increasing. Aquaculture production has a significant role
in balancing the overfishing and protecting wild species
and the environment. It represents almost half of the total
fish production [1]. The worldwide rising demand for fish
and the problem of overfishing are resulting in the concerted expansion of conventional aquaculture technologies with a detrimental effect on the aquatic environment
by releasing excess nutrients contained in the fish faeces
in water bodies [2]. The effects of freshwater aquaculture
have been documented on all biological components of
stream ecosystems, from microbial communities to vertebrates and at times considerable downstream distances from
the effluent discharge point. The main components of landbased fish farm effluents that can cause adverse effects on
stream ecosystems are nutrients (mainly nitrogen and
phosphorus), biochemical oxygen demand, suspended solids,
pathogens and chemical residues. Their discharge into
stream ecosystems can have multiple and interrelated ef-
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fects on structural and functional ecological processes,
while their output can vary as a function of feed quality,
feeding strategy, time (e.g. daily and annual cycles) and
location [3]. In order to reduce the environmental impact
and improve rational water use, especially in water scarce
areas, intensive aquaculture systems with recirculation are
being developed [4] by controlling water supply, with an
understanding water quality as a decisive factor in producing high-quality savoury fish, and fish feeding to increase fish production.
This paper describes a small-scale cyprinid fish farm
with a closed-loop system. The treatment train (TT) consisted of a model vertical constructed wetland (CW) and
an ultrasonic unit (US). CW was selected as a treatment
system because it is known to be a technically and economically feasible solution for the treatment of different
wastewater types [5]. CWs are capable of reducing concentrations of target pollutants by different bacteriological, physical and chemical processes to acceptable levels
before discharging to the environment [6]. CW is also a
viable technology for treatment and recirculating the water
in aquaculture production [7, 8], while the use of CWs for
treatment of wastewater from fish ponds is not yet widely
practised. Although aquaculture produces less loaded
wastewater, it is questionable whether CW can offer a
low-cost solution due to its limited hydraulic loading rate
and a long hydraulic retention time. This means that CWs
methods may need large land areas when large amounts
of aquaculture wastewater needs to be treated [9]. US is
widely used for algae control and water disinfection in
different systems [e.g. 10–13]; however, the application
of US in aquaculture is not common [4, 14, 15]. According to Zimba and Grimm [14], the use of US in aquaculture can reduce pathogenic bacteria and planktonic microbes in ponds. US devices are generally used to counteract algae growth by cavitation (high power US), which
disintegrates the vacuole in which all life functions of the
algae are housed. However, in the study presented, a low
intensity US device was used, since it was installed directly in the fish tank. Several papers have been published on
US removal of bloom-forming cyanobacteria [e.g. 13, 1619], but only a few papers deal with the effect of US irradiation on other groups of algae [4, 15, 20-22].
The objective of this study was to evaluate treatment
performance and fish production of a small-scale closedloop cyprinid fish farm with a TT consisting of a model
vertical CW and a US. An additional objective was to
compare the treatment performance of a CW filled with
sand to one filled with expanded clay. Our hypothesis was
that the combination of CW and US would be more efficient for the removal of suspended solids and dissolved

nutrients than solely CW, while US could efficiently
reduce algae growth. The results presented will be used
for designing a pilot-scale cyprinid fish farm in situ.

2 MATERIALS AND METHODS
2.1 Description of the system

The research was carried out at Faculty of Civil and
Geodetic Engineering of University of Ljubljana in Slovenia. The experiment was performed in two small-scale
fish tanks (length 0.8 m, width 0.5 m, depth 0.5 m, volume 0.2 m³) of which one served as an experimental (Tank
A), and one as a control tank (Tank B) (Figure 1). The
starting fish load in both tanks was 1 kg/m³ or 19 juvenile
carp (Cyprinus c. carpio Linnaeus 1758) in each tank. Both
tanks were illuminated 14 hours per day with two 36 W
OSRAM Fluora lamps per tank. The tanks had constant
aeration (air stone). For the experiments, a commercially
available US transducer (LG Sonic® SSS, range 10 m,
power 11 W, with dual core multi-frequency technology)
was used. From Tank A, the water was pumped in a model
CW with volume of 0.03 m3 (0.2 m × 0.3 m, height 0.5 m).
The CW was made of two glass chambers. The 1st one
(0.02 m³; 0.2 m × 0.2 m, height 0.5 m) was filled with
different substrata (Table 1) up to a height of 30 cm,
while in the 2nd chamber (0.01 m³; 0.2 m × 0.1 m, height
0.5 m) water was retained and pumped back into Tank A.
Two nets were placed at the bottom of the 1st chamber to
fix the substrata and to avoid pump clogging. The nets,
made of plastic (0.04 m²; 0.2 m × 0.2 m; mesh size of 2.2
cm) and metal (0.04 m²; 0.2 m × 0.2 m; mesh size of 2
mm), were placed one above another on the plastic carriers,
2.5 cm from the bottom of the 1st chamber. The influent
ran into the CW by siphon from the upper 15 cm from
Tank A with the average flow rate of 60 L/h, while the
effluent was pumped at the bottom of the 2nd chamber of
the CW by aquarium pump (6 W, 290 L/h) with the plastic valve at the end of the pump’s tube for flow reduction.
Other than aeration, Tank B did not receive any treatment
(except in preliminary US trial). At the start of the experiment, both tanks were filled with tap water. Tap water
was also added in the tanks when water conditions threatened fish population regarding threshold value of NO2-N
> 0.6 mg/L [4] and to compensate the evaporation losses
and losses due sampling.

TABLE 1 - List of performed trials with descriptions of experimental set up; CW-model vertical constructed wetland, US-ultrasound, Tank Aexperimental tank, Tank B-control tank.
TRIAL

EXPERIMENTAL SET UP
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Preliminary trial

No CW, no Tank A

US transducer installed floating in the corner of Tank B
with a well-developed algal community

1st trial

CW filled with expanded clay (grain size 4/16 mm; height 30 cm)

Without US

2nd trial

CW filled with sand (grain size 1/2 mm, height 30 cm)

Without US

CW filled with sand (grain size 1/2 mm, height 30 cm)

US transducer installed floating in the corner of Tank A

rd

3 trial

FIGURE 1 - Experimental set up of the small-scale system consisting of an experimental tank (Tank A), a control tank (Tank B), an aeration
unit (AE), a vertical constructed wetland (CW) and an ultrasound transducer (US). Circled numbers mark sampling points – 1: in Tank A,
2: in Tank B.

The experiment was divided into three sequential trials (Table 1). Each trial lasted twelve weeks. The preliminary US trial was performed to evaluate the efficiency of
an US for algae control and lasted seven weeks. In the
third trial, the TT was a combination of the CW filled with
sand and the US. The media for the CW in the third trial
were selected based on the results of the first two trials
and cost efficiency.
2.2 Monitoring of the system

The small-scale system was monitored from July 2010
to March 2011. Dissolved oxygen, temperature, electric
conductivity and pH were measured each day at 9 am in
both tanks, using WTW Multiline/F portable meters throughout the monitoring period. The sampling point for the
above-listed parameters was in the middle of the tanks,
approximately 15 cm below the surface. Water from both
tanks was analysed each week for total suspended solids
(TSS), ammonium nitrogen (NH4-N), nitrate nitrogen
(NO3-N), nitrite nitrogen (NO2-N), total Kjeldah nitrogen
(TKN), total phosphorous (TP), orto-phosphate (PO4-P),
biochemical oxygen demand (BOD5) and chemical oxygen demand (COD) according to Standard Methods [23].

In the third trial, chlorophyll-a in Tank A (in the water and on the walls of the tank) was monitored weekly to
evaluate the efficiency of the US for algae control. Grab
samples for chlorophyll-a analyses in the water were collected at one point near the middle of the tank, which was
assumed to be adequate for the simple characterization of
a possible trend in chlorophyll-a in the water. Samples for
chlorophyll-a analyses on the walls of Tank A were
collected in three replicates. For each replicate, a surface
of 9 cm² on a different wall of the tank was scrubbed
with a brush. Extraction of the chlorophyll-a was performed
as follows: a 10 mL suspension was filtered using a
Whatmann glass fibre filter (GF/F), diameter 47 mm, cat.
No. 1825-047. The filtration was made using an apparatus
made of a filter holder, a Buchner flask, and a vacuum
pump. Five replicates were performed for each sample. For
determination of chlorophyll-a, the GF/F were ground up in
10 ml a 90% acetone solution and incubated for 24 hours, at
6°C in darkness to prevent the pigment denaturing. After
incubation, the solution was placed in a 3.5 mL glass cuvette,
and the optical density (OD) of the supernatant was measured at three wavelengths: 663, 645, and 630 nm. A solution
of acetone at 90% was used as a blank. The chlorophyll-a
concentrations were calculated according to the equation
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of Scor/Unesco [24] chlorophyll-a concentration (mg m³) =
(11.64 OD663 – 2.16 OD645 – 0.1 OD630) * (volume of
acetone (mL)/volume of sample (L)). For chlorophyll-a on
the tank walls, concentrations were calculated per unit area.
The fish body weight (BW) increase was measured
after each trial. The fish were hand fed an average 5 g per
day per tank of GARANT Aqua fish food. The amount of
fish food was the same for both tanks. The specific growth
rate (SGR) according to Chao et al. [25] and food conversion rate (FCR) were calculated. In the calculations, mortality was adequately considered.
3 RESULTS AND DISCUSSION
3.1 Water quality and performance of the system

Table 2 summarizes the physical and chemical parameters of the water in both tanks. The dissolved oxygen in
both tanks was above 6 mg/L during the trials, mostly due
to the constant aeration that was necessary to preserve the
living conditions for fish. There was no marked difference
in the average values of temperature between the tanks;
however, in the second trial the temperature in both tanks
was lower than in the other two trials due to lower room
temperature in winter time. The measured electric conductivity values in both tanks were in the typical range for
natural water bodies in Slovenia [26]; the difference in
electric conductivity between the tanks was negligible.
Slightly higher pH values were measured during all trials in
Tank B compared to Tank A, which can be explained by the
extraction of CO2 from the water through assimilation into
algal biomass (in all trials, algal biomass was higher in
Tank B compared to Tank A according to visual observations and Chlorophyll-a measurements) at a rate faster than
can be replaced through atmospheric CO2 diffusion, respiration and fermentation processes; readjustment of carbonate equilibrium leads to an increase in pH level [27].
Average TSS values in all trials were markedly lower
in Tank A compared to Tank B due to efficient removal by
TT; however, there were no marked differences between
the trials (Table 2, Figure 2). Although average NH4-N
levels in all trials were markedly lower in Tank A com-

pared to Tank B, they exceeded the legislation limit of
0.16 mg/L in all cases (Table 2, Figure 2). The highest
NH4-N levels were in the 3rd trial in Tank B with the
highest measured value of 5.2 mg/L. Total ammonia nitrogen (TAN) consists of un-ionized ammonia (NH3) and
ionized ammonia (NH4+), the former of which is highly
toxic to fish. The proportion of TAN in the un-ionized form
is dependent upon the pH and temperature of the water. At
higher pH levels and water temperatures, the percentage of
toxic unionized ammonia could be high [28]; however, the
measured pH value in both tanks was near neutral, and the
water temperature was below 30°C. For this reason, we
assume that NH3 could not threaten fish health. The fish
mortality was present only in the first trial; therefore, a
link with a toxic effect of NH3 and NH4-N values cannot be
proved. Lower NH4-N concentrations and higher NO3-N
concentrations in Tank A compared to Tank B are most
probably the consequence of nitrification occurring in the
TT while de-nitrification was mostly negligible due to
aerobic conditions. NH4-N values entering TT were in most
cases above 0.5 mg NH4-N/L, which is high enough for
abundant bacterial growth, according to [29]. In addition,
our results also indicate that some nitrification still took
place in the TT.
Phosphate levels also differed markedly between the
tanks and between the trials (Table 2, Figure 2). Average
TP in both tanks exceeded the legislation limit in all cases.
In the first two trials, TP and PO4-P were lower in Tank A
compared to Tank B probably due to efficient performance
of the TT, while the opposite was true for the third trial.
An increase of TP and PO4-P in Tank A in the third trial
could be due depletion of algae by US and consequently
lower uptake of PO4-P by algae. In the third trial, Chlorophyll-a values were markedly lower in Tank A compared
to Tank B, both in the free water and on the walls of the
tank (Table 3); the ratio between PO4-P and TP was almost
1, indicating almost no P available in particulate form (algae). Standard deviations for most of the measured parameters were in the same range as the average values, showing
high fluctuation over time (Table 2, Figure 2).

TABLE 2 - Average (± standard deviation) and range for measured parameters in the experimental tank (Tank A) and in the control tank
(Tank B) in comparison with Slovene legal requirements. Exceeded legislation values are marked in bold.
Unit

1st trial

n

Tank A
(experimental)
average
range
Dissolved
oxygen
Temperature
Electric
conductivity
pH

mg/L

40

7.6±0.3

6.5-8.1

7.7±0.3

°C

40

23.5±1.8

20.427.6

23.6±1.7

Tank A
(experimental)
average
range

7.1-8.3 68
20.427.5

68

µS/cm 40 467.2±54.6 298-559 419.4±48.6 295-486 68
40

7.8±0.2

7.5-8.1

3.4±0.8

2-4

TSS

mg/L

9

NH4-N
NO3-N
NO2-N

mg/L
mg/L
mg/L

9
9
9

0.5±0.8
0-2.3
20.4±14.9 2.5-44
0.6±0.5
0-1.8

8±0.2
28.1±6
1.6±2.6
23.1±20.3
0.7±0.2

2nd trial

n

Tank B
(control)
average
range

7.8±0.5

6.9-9.3

8±0.5

21.2±1.7

15.123.7

21.5±1.8

Tank A
(experimental)
average
range

7.1-9.6 36
15.523.9

36

438±53.9 332-550 456.2±41.5 333-509 36

7.7-8.3 68

8.1±0.2

7.6-8.4

8.4±0.1

18-37

15

0.1-7.4 15
2.5-58 15
0-2.1 15

3.6±2.2

1-8

0.2±0.3
32.4±20
0.7±0.3

0-1.1
3.9-6
0-1.2
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8-8.7

36

118.7±89.3

1-270

8

0.8±0.6
16.1±9.1
1.1±2

0.1-2.2
1.8-34
0-1.9

8
8
8

Limit
value (1)

3rd trial

n

Tank B
(control)
average
range

Tank B
(control)
average
range

7.7±0.3

7-8.4

7.4±0.7

6-9

>5

22.6±1.3

20.125.2

23.2±1.2

20.8-25

-

268475.4±38.7 351-595 410.3±50.9
501
7.2±0.3
6.6-7.5
8.2±0.3
7.7-8.7
2302.6±2
1-6
331.8±90.4
505
0.4±0.2
0.2-0.7
2.8±1.4
1.4-5.2
120.5±29.5 80-174 13.4±10.3
7-32
0.6±0.1
0.3-0.6
0.4±0.4
0-1.2

6-9
≤25
≤0.16
≤0.01
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TKN
TP
PO4-P
BOD5

mg/L
mg/L
mg/L
mg/L

9
9
9
9

6.1±4.2
2.4±1.8
2.5±0.5
3±2.2

3.3-13
0.5-6.4
1.6-3
0-6

7.8±1.5
4.2±3.3
2.8±0.7
8.9±12.9

3.3-15
1-11.3
1.7-3.8
0-33

15
15
15
15

3.9±3.5
0.9±0.7
0.5±0.3
5.3±2.7

0-11.3
0-2.3
0.3-1.4
3-13

5.8±3.9
4.7±3.5
1±0.5
30.7±12.2

0-13.8
0.5-10
0.4-2.2
2-52

8
8
8
8

2.2±0.9
3.9±0.4
3.5±0.6
6.9±1

1.3-3.8
3.3-4.5
2.7-4.4
6-8

COD

mg/L

9

17.2±12.3

5-44

39.9±25.8

8-86

15

15.9±11.3

0-42

149.6±86.4

0-245

8

33.9±6.4

23-44

5.9±2.6
1.2±0.6
0.8±0.5
37.9±5.6

3.8-10
0.5-2.5
1.1-1.6
30-45
233281.1±62.3
386

≤0.4
≤6
_

According to Slovenian standards for cyprinid surface waters concentrations presented in the Decree on the quality required of surface waters supporting fresh-water fish life [31].

Tank	
  B	
  (control)

FIGURE 2 - Average concentrations and standard deviations of measured parameters in the experimental tank (Tank A) and in the control
tank (Tank B).

Based on the comparison of the first two trials, it is
evident that TT with sand performed better for COD, TKN,
NH4-N, TP and PO4-P, while TT with expanded clay performed better for BOD5, NO3-N, and NO2-N. There were
no differences in TSS between both systems. From the
results of the first two trials, we cannot conclude which
filter media had better general performance; accordingly,
for the third trial we selected sand, because it is more
economical. Regarding NH4-N, TP, PO4-P, and COD, the

system with sand (2nd trial) had the best performance, although we expected that the addition of the US (3rd trial)
would contribute to better performance. In the third trial,
the values of the above-listed parameters in Tank A were
higher than in the first two trials, from which it is evident
that accumulation of nutrients in Tank A started to occur.
The reason could be the fact that between the second and
the third trials, the water in the tanks was not changed (as
was the case between the first and the second trials), be-
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cause we wanted to obtain a mature and stable algal community before installation of US in Tank A, so that the
effect of US would be more evident. However, the high
values of NO3-N in Tank A in the third trial could also be
due to the depletion of algae by US and, consequently, a
lower uptake of NO3-N by the algae community. The better
performance of the system regarding TP with sand could be
explained by the sand having a higher amount of sorption
sites than expanded clay does. According to [30], for TP
removal, the efficiency the amount of sorption sites in a
system is crucial.
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TABLE 3 - Average values of Chlorophyll-a measurements in the free water and on the walls of the tanks in the experimental tank (Tank A)
and in the control tank (Tank B) in the 3rd trial.
Tank A (experimental)
Free water
On the walls
(mg/L)
(mg/cm²)
0.03
0.0026

Tank B (control)
On the walls
(mg/cm²)
0.028

Chlorophyll	
  a	
  (mg/L)

Chlorophyll-a

Free water
(mg/L)
3.38

FIGURE 3 - Chlorophyll-a in free water and on the walls of Tank B in the preliminary US trial. US transducer was installed on 26th of January 2011; Chlorophyll-a was sampled on that day before US installation.

TABLE 4 - Results of fish monitoring from July 2010 to March 2011 in the experimental tank (Tank A) and in the control tank (Tank B).
1st trial
Tank A
Tank B
(experimental)
(control)
Fish load
kg/m³
1.04–1.23
0.93–1.14
Fish biomassa
kg
0.21–0.25
0.19–0.23
Fish biomass growth
kg
0.04
0.04
Average fish weight
g
10.35–12.89
9.09–12.68
Body weight increase
%
125
122
Specific growth rate
%/day
0.073
0.068
Food conversion rate
3.93
3.93
Feed load total
kg
0.157
0.157
b
Mortality
%
5.02–0
6.38–5.29
a
The fish biomass was measured before and after each trial.
b
The dead fish were removed from the system.

2nd trial
Tank A
Tank B
(experimental)
(control)
1.41–2.11
1.43–2.02
0.28–0.42
0.29–0.40
0.14
0.11
14.79–22.16
15.05–21.26
150
141
0.073
0.062
1.99
2.54
0.279
0.279
0
0

3.2 Preliminary US trial

and specific growth rate were higher in Tank A compared
to Tank B in all three trials with the highest value of fish
body weight increase of 150% (0.14 kg) in the second
trial at 0.279 kg of total feed load, indicating better rearing conditions in Tank A. However, fish showed poor
food conversion efficiency in both tanks. Based on the

Unit

Before the installation of an US transducer into the
experimental tank (Tank A), a preliminary US trial was
performed in which the US transducer was installed into
Tank B with a well-developed algal community, with the
aim of evaluating the efficiency of US for algae control.
The results showed that US reduced algae biomass in free
water by 63%, while the accumulation of algal mats on
the aquarium walls was more intensive after US installation
(Figure 3). After personal communication with the US producer, we concluded that US is not the most appropriate
tool for algae control in a glass tank because of the reflection of ultrasonic waves from the glass.
3.3 Fish monitoring

Table 4 summarizes results of fish monitoring during
the experimental period. The fish body weight increase

3rd trial
Tank A
Tank B
(experimental)
(control)
2.11–2.75
2.02–2.48
0.42–0.55
0.40–0.5
0.13
0.1
22.16–28.89
21.26–26.05
130
122
0.122
0.094
1.25
1.62
0.162
0.162
0
0

Slovene data from semi-natural fish farms with an
average 1.5 food conversion rate [32; 33], it can be
concluded that in the experiment presented the fish
were overfed mostly due to quick hand feeding. The
total feed load was different for each trial due to different
duration of the trials and the fish growth. In Tank A, no
water exchange was needed, while in Tank B 25 L of water
was replaced once per week in order to prevent fish mortality. The specific growth rate was the highest in the third
trial and reached 0.122% per day in Tank A and 0.094%
per day in Tank B. Within the first few days of the first
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trial, 5% of the fish died in Tank A, and 6% of the fish died
in Tank B because of shock caused by transport to the
experimental site. In the middle of the first trial, an additional 5% of the fish died in Tank B because they jumped
out of the tank.
4 CONCLUSIONS
The system with the treatment train with sand performed better for chemical oxygen demand, ammonium
nitrogen, total phosphorous and orto-phosphate, while the
system with the treatment train including expanded clay
performed better for biochemical oxygen demand, nitrate
nitrogen, and nitrite nitrogen. There were no differences
in total suspended solids between both systems. The specific growth rate and the increase of fish body weight in
the experimental tank (Tank A) were higher than in the
control tank (Tank B) (0.073 %/day, 0.068 %/day, 125%
and 122% in the 1st trial and 0.073%/day, 0.062%/day,
150% and 141% in the 2nd trial, respectively) indicating
better rearing conditions in Tank A. The results of the preliminary trial with ultrasound (US) showed that US reduced
algae biomass in free water by 63%, while the accumulation of algal mats on the tank walls was more intensive
after US installation. The results presented will be used for
the design of a pilot-scale closed-loop cyprinid fish farm
under field conditions consisting of US and constructed
wetland.
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NONLINEAR DYNAMICAL APPROACH AND SELF-EXCITING
THRESHOLD MODEL IN FORECASTING DAILY STREAMFLOW
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ABSTRACT
In the present study, forecasting performances of a
nonlinear dynamical approach and a self-exciting threshold
model were compared in daily stream-flow observed in
Nolin River, USA. As a nonlinear dynamical approach, the
k-nearest neighbour (k-NN) method with arithmetic average was applied. For the k-NN model, optimal embedding
dimension was found with the correlation integral analysis. The correlation dimension of the runoff series was obtained as 2.89, and the first integer above this value was
taken as embedding dimension (m=3). With these parameters, the k-NN’s prediction performance was calculated for
different neighbour numbers (k), and the best result was
obtained for k=7. The SETAR models were constructed
according to the Tsay’s algorithm, and the best model was
determined with different efficiency criteria and the best
model’s (SETAR (2,3,2)) prediction performance was
compared with that of the k-NN. The results showed that
the SETAR (2,3,2) model better forecasted the peak flows
and low flow dynamics than the k-NN model. However,
the k-NN model gave results that are more realistic after
peak flow predictions that can be said the k-NN model is
better in representation of nonlinear behavior of falling
limb. Overall, in a relatively short data set, the performance indicators showed that the SETAR model’s predictions are better than that of the k-NN model.

KEYWORDS: nonlinear dynamical approach; k-nearest neighbor;
correlation integral analysis; self-exciting threshold model

1 INTRODUCTION
Effective and sustainable water management, optimal
design of water storage and water structures largely depend on accurate prediction of stream-flows and require
detailed knowledge of stream-flow dynamics. One of the

* Corresponding authors

aims of stream-flow prediction is to reduce risk involved
in decision-making. However, stream-flow dynamics depend
on many mechanisms that are acting on a range of temporal and spatial scales that are increasing uncertainty
with predictions. In recent years, advancements in chaos
science in hydrology show that complex dynamics do not
necessarily need to be an outcome of a large number of
variables. For instance, among others, Islam and Sivakumar [1] characterized the runoff dynamics of Linderborg catchment by using the nonlinear dynamical approach. They showed that the daily runoff series over a
period of 19 years exhibits low dimensional chaotic behavior with the correlation dimension, d = 3.76. This
result indicates that to model the dynamics of the system,
minimum four variables (the nearest integer above 3.76)
are necessary. This low dimension was also obtained by
the false nearest neighbor and nonlinear prediction method. Khoklov et al, [2] applied various chaotic approaches
including the average mutual information, correlation
dimension, false nearest neighbors, and Lyapunov exponents to hourly water level data set and they reported that
the hourly water levels exhibit low dimensional chaotic
behavior. Sivakumar [3] investigated rainfall dynamics at
different time scales and finite correlation dimensions for
all scales were obtained which is a clue of chaotic behavior. Sivakumar and Jayawardena [4] applied correlation
dimension approach to the components of sediment
transport phenomenon i.e. water discharge, suspended
sediment concentration, and bed load in the Mississippi
River, USA. The results indicated that each component
shows low dimensional chaotic behavior, a clue that the
complete sediment transportation exhibits low dimensional chaotic behavior. In addition to these studies, the investigation of the existence of chaos in hydrological processes has been of much interest in which the outcomes of the
investigations provide evidence regarding the existence of
low dimensional chaos (see, e.g. [5-16]). In addition to
the studies that investigate whether chaos exists, the studies that investigate the predictability of chaotic time series
have been much of interest [1, 17-19]. The prediction

2839

© by PSP Volume 22 – No 10. 2013

Fresenius Environmental Bulletin

techniques for chaotic time series can be grouped into two
main divisions: (1) local approximation, and (2) global
approximation. In the local approximation method, the
next state of the system is predicted based on nearby
states whereas global approach uses all the states [20]. For
the dynamic systems, local approximation that uses knearest neighbors (k-NN) is one of the reliable and successful prediction methods that uses nearby states to predict the future state of the system [9, 17, 20-24].
In contrary to the chaotic approach, the stochastic theory assumes that future values of a system are correlated
with past values and, additionally, random effects influence
them. In recent years, advancements in nonlinear time series
modeling enable modeling of hydrological time series from
nonlinear perspective. Especially threshold autoregressive
(TAR) modeling i.e. self-exciting threshold modeling
(SETAR) of hydrological time series, enables modeling of
system dynamics by taking into consideration different subspaces by threshold variables [25-29]. Also, various complex structures have been developed that consider the
asymmetry both in conditional mean and kurtosis, such as
SETARMA [30] and TAR-ARCH, BL-ARCH [31].
Particularly, both approaches are useful and efficient
in prediction of stream-flows. However, which prediction
method is better than the other is an unanswered question.
Especially, since Yu et al. [32] proposed that k-NN performed worse than ARIMA in the daily stream-flow forecasting, some studies compare the k-NN prediction performances with the conventional time series analysis but
to the author’s knowledge, no one of them compares the
prediction performances of k-NN with nonlinear TAR (or
SETAR). In Yu et al. [32], the authors obtained the essential parameters (i.e. delay parameter, τ and embedding
dimension, d) for the local chaotic prediction model with
the one of the most employed methods average mutual
information and the false nearest neighbor, respectively,
for two daily runoff series of Tryggevælde catchment and
Mississippi River. For the former river flow, the obtained
parameters are (4, 12, 5) for the embedding dimension,
delay time and nearest neighbor number (i.e., (d, τ, k) and

ARIMA (1, 0, 1) which is essentially ARMA(1, 1). In
addition, they included the Naïve forecasting in which the
forecast at time (t+1) is assumed to equal forecast at time
(t). The results show that the model performances from
best to worst are as ARMA (1, 1), ARIMA (1, 1, 1), Naïve
forecasting, and standard chaos technique. Also, for the
second runoff time series, the results show that (d, τ, k) is
(4, 13, 5) and the model performances from best to worst
are as ARIMA (1, 1, 1), ARMA (1, 1), Naïve forecasting,
and standard chaos technique. From the above presented
results, one may ask why one should use the chaotic prediction technique in cost of extensive parameter determination
calculations while the Naïve forecasting and linear ARMA
model outperformed chaotic prediction. However, the authors did not make any explanation about this situation.
In this study, the major objective is to investigate the
prediction performances of both nonlinear approaches, i.e.
SETAR and k-NN models, in the daily stream-flow time
series of Nolin River located at the Green River Basin in
Kentucky, USA.
2 MATERIALS AND METHODS
2.1 Data and study area

In this study, the comparative prediction analysis was
carried out in Nolin River located at the Green River
Basin in Kentucky, USA. The Green River Basin is about
29800 km2 which contains about 38000 km streams. More
than one-fourth of Kentucky lies within this basin. The
Green/Tradewater River Basin has important water resources for local people since about 88 million of gallons of
water per day are drawn from streams. The Nolin River,
one of the tributaries of the Green River, is the main river
of the basin, and it is an important water resource for local
people.
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FIGURE 1 - Variation of daily river flow series of Nolin River.
TABLE 1 - Statistics of Nolin River stream-flow data for train (2000-2006 years) and test period (2007-2008 years).
ymin

ymax

Statistics

(m3 / s)

(m3 / s)

Train period
Test period

0.85
0.57

237.02
297.34

Median

Mode

(m3 / s)

(m3 / s)

(m3 / s)

14.96
15.71

8.52
5.13

1.33
1.02

µy

The gauge situation is situated at 37°33ʹ′43ʺ″N and
86°02ʹ′12ʺ″ E. The daily stream-flow data between 2000
and 2008 (Fig. 1) were used for the analyses, and obtained
from USGS with the site number 03310300. The k-NN
and SETAR models’ performances largely depend on
training and learning of data to construct proper relationships between input and output data sets. To ensure the
sufficient learning, training data should cover most of the
extreme events [22, 33]. Therefore, the data was divided
into two groups for model construction. The train data set
includes first 7 years, namely from 2000 to 2006 which
represent 78% of the series, and the last two years which
represent 22%; they are selected for the test period. The
main statistical parameters (i.e. minimum value, ymin;
maximum value, ymax; mean, µy median; mode; standard
deviation, σ; skewness, sy, and coefficient of variation, cvy,
of the periods are given in Table 1.
Both of the train and test periods have similar statistical parameters. However, the test period’s maximum, mean,
standard deviation, skewness and coefficient of variation
parameters are higher than train period’s values. Therefore, it can be said that the test period’s flow characteristics are different and have higher variability comparing to
train period which enable accurate examination of models’ prediction performances.
2.2 Methods
2.2.1 The Nonlinear Dynamical Approach

In the dynamical prediction approach, the phase-space
reconstruction method was employed. In this approach, the
underlying dynamics of the system is represented in a mul-

σy

sy

cvy

(m3 / s)

---

---

20.59
28.44

4.47
4.81

1.38
1.81

ti-dimensional state space from a univariate time series.
The trajectories of the state space depict the evolution of
the system from initial conditions. Therefore, if the trajectory of the state space is known, the future value of a
particular point in the phase space could be predicted. The
logic behind the reconstruction of phase space from a
univariate time series is that the linear system is characterized by self interaction so that the time series can hold
the information about the dynamics of the entire multivariable system [22]. According to the delay time method
[34-35], one of the most preferred reconstruction methods
[1, 17, 36], the past observations are embedded in an mdimensional state space;
(1)
Y j = ( X j , X j +τ , X j + 2τ ,..., X j + ( m −1)τ )
where, j = 1, 2,..., N − (m − 1)τ , m is the embedding
dimension of the Yj vector and τ is a delay time. According to the embedding theorem of Takens [35], to characterize a dynamic system with an attractor dimension d, a
(m = 2d + 1)-dimensional phase space is required. However, Abarbanel et al. [19] suggested that m>d could be
sufficient. To construct representative phase space, a
proper choice of delay time τ is essential. Two commonly
preferred methods in determining the delay time are the
autocorrelation function and the mutual information function [37]. In this study, the latter one is used since it determines the delay time based on conditional distributions
of observations which leads being more powerful in determining nonlinear relationships [38].
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Mutual information function I(τ) is computed according to
⎡ P( X i , X i −τ ) ⎤
I (τ ) = ∑ P( X i , X i −τ ) log 2 ⎢
⎥
i ,i −τ
⎣ P( X i ) P( X i −τ ) ⎦

(2)

where, Xi and Xi- τ as successive values, P(Xi) and
P(Xi- τ) are the individual probabilities of Xi and Xi- τ, respectively, and P(Xi, Xi- τ) is the joint probability density.
With a properly selected time delay, considered time
series can be reconstructed in m-dimensional phase space.
The appropriate delay time can be selected from the first
local minimum of the mutual information function. We
proposed to find the first local minimum of a mutual
information function, the relative changes between successive values of a mutual information function can be
estimated with the following formula:

(( MI

next

− MIcurrent ) / MIcurrent ) ×100 [13].

(

)

(3)

where, H is the Heaviside step function, with H(u) =1
for u>0, and H(u) =0 for u≤0 where u = r − Yi − Yj , r is
the radius of a sphere centered on

Yi or Y j , and N is

the number of data points. C ( r ) gives the probability of
two randomly selected vectors that lie within a certain
distance [8]. Then, the dimension d of the space is related
to the correlation integral as follows:

C (r ) ∝ r d

(4)

and the logarithm of both sides of Eq. (4) gives linear
relationship where the slope equals the correlation dimension d.
If the underlying dynamics of the system is chaotic,
then, the correlation exponent (i.e. correlation dimension)
as a function of embedding dimension reaches a saturation
value; otherwise, the considered system could be driven by
stochasticity. After determining the optimal delay time and
embedding dimension, the state space of the system can be
constructed where the interpreting of the dynamics of an mdimensional map fT is possible, that is:

Y j +T = fT (Y j )

FT which

approximates

space is divided into subsets by a specific metric

, and

each subset is approximated by local polynomials minimizing the difference between the forecast starting point
and its neighbors. And a new prediction is obtained from
this starting point by

Y1 = Fq (Y0 )

(6)

Then, subsequent forecasts are obtained from new
starting point Y1 by local polynomials. In this study, since
sometimes local polynomials give negative values which
is not possible in runoff series, the prediction of Y j +T is

k neighbors of Y j +T . This

done by arithmetic average of

The first local minimum might then be taken where
the relative change starts to fluctuate around a constant
value. Once the optimal delay time is selected, the correlation integral can be found with
Nr Nr
2
C (r ) =
H r − Yi − Y j
∑∑
N r ( N r − 1) j =1 i =1

ft is tried to be found by
using only nearby states to make predictions. The f t
tor

method has advantages of providing good prediction
accuracy [21, 40], and requires no additional parameters
to be estimated.
2.2.2 The Self-Exciting Threshold Model

Being superior to the linear conventional time series
models, the nonlinear time series models give a suitable
powerful framework for analyzing nonlinear dynamical
data. Especially, when the stationary condition is a limitation factor, or data exhibits sudden bursts of very large
amplitude (i.e. non-stability of variance) at irregular time,
the conventional ARMA models are not suitable. In this
study, as a nonlinear time series model, the self-exciting
threshold autoregressive (SETAR) model was used in
forecasting daily stream-flows since it approximates the
phase space by dividing it into sub-spaces. From this point
of view, it follows a similar way to the nonlinear dynamical approach.
The threshold autoregressive (TAR) model was first
developed by Tong [41]. Let yt be a time series that
follows a threshold autoregressive process.
yt = φ0j + ∑ φi j yt − p + ε t j

rj −1 ≤ yt − d < rj

(7)

i =1, p

j = 1,..., k + 1 , k is the number of regimes,
AR order, d and yt − d are the lag time and the

where,

p is the

threshold variable, respectively. Since the threshold variable is the lagged value of yt (i.e. itself), the above model

(5)

is named as SETAR and can be written as SETAR

Y j and Y j +T are vectors of dimension m, describing the state of the system at times j (current state)
and j + T (future state), respectively [17]. fT could be

( k ; p ,..., p ). If the threshold value is considered
different from its lagged value, then, the model will be
named as TAR. The threshold values of the SETAR model
satisfy −∞ = r0 < r1 < ... < rk < rk +1 = ∞ .
For

(1)

where,

found by the local approximation method proposed by
Farmer and Sidorowich [39]. In this approach, the predic-

each
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normal random variables with zero mean and variance

σ

2
j

(i.e. white noise processes).

The parameters of the SETAR model were estimated
with the minimum mean square error estimation method.
If the number of regimes and the order of each AR part
are already known, the parameter estimation is reduced to
the minimization problem that satisfies the following
formula,
T

∑

t = pmax +1

(

yt − yˆt t −1

)

2

The performance indicators that were used to evaluate
the models’ performances are the mean absolute error
(MAE), root mean square error (RMSE), correlation coeffi2

cient ( r ), and coefficient of determination ( R ). In addition to these indicators, the Akaike information criterion
(AIC) was used to determine the optimal SETAR model.
The mean absolute error index evaluates the mean of
the predictions’ deviations from observations:

(8)

where, pmax = max( p1 , p2 ,..., p) is the maximum AR
model order of each regime.

yˆt t −1 is

the one step ahead

yt −1 . For the given threshold value,
j
the least-squares estimators of φˆ can be calculated from
i

Yj = Aj Φ

+ aj

(9)

RMSE =

Φ

and

(

( j)
1

= φ , φ ,..., φ

)

( j)
pj

τ

regime with delay time

(

aj = ε

( j)
(τ ( j −1) +1) + d

,ε

,

( j)
(τ ( j −1) + 2) + d

,..., ε

( j)
(τ ( j ) + d

)

(11)

where, j = 1, 2,..., k . The least squares estimates of the
models’ AR coefficients can be found by:

ˆ ( j ) = ( AT A )−1 ( AT Y )
Φ
j
j
j j

p1 and p2 . In a three-stage proce-

dure, the different AR models are fitted to the appropriate
subsets of data for a given value of d and r . The AR
models’ degrees in each regime are determined by the
Akaike Information Criteria (AIC). In the second step, the
proper r value is searched in a set of possible values
while delay parameter is fixed. With each r value, the AR
models and the AICs are re-estimated. In the third step,
the search over d values is carried out and the first two
steps are repeated. The delay time that minimizes the AIC
is accepted. In the end, the best model with r and d values is obtained [43].

(15)

i

i =1

N

2 ⎤
⎡
⎢ ∑ ( Oi − O ) ⎥
⎣ i =1
⎦

0.5

N

2 ⎤
⎡
⎢ ∑ ( Pi − P ) ⎥
⎣ i =1
⎦

0.5

N is the number of values, and O and P are
the observed and predicted values, O and P are the mean
where,

values of observed and predicted values, respectively. Coefficient of determination is a square of correlation coefficient and changes between 0 and 1 with higher values
indicating better agreement between predicted and observed values.
The Nash-Sutcliffe efficiency (E) is defined as follows,

(12)

However, the structural parameters r (threshold variable) and d (delay parameter) cannot be known a priori.
Therefore, we employed the empirical procedure proposed by Tong [42]. This method is summarized to estimate a common SETAR ( p1 , p2 ; d ) with two regimes
and the AR degrees are

∑ (O − O ) ( P − P )
i

r=

(10)

a j is a vector composed of error terms of each

(14)

N

Y j is the observed data matrix, A j are the
past values or regressors of the j th regime.
( j)
0

1 N
2
(Oi − Pi )
∑
N i =1

The correlation coefficient is a measure of linear dependency between variables.

where,

( j)

(13)

The root mean square error also evaluates the mean
of the predictions’ deviations from observations in the
form of squared term:

prediction based on

( j)

1 N
∑ Oi − Pi
N i =1

MAE =

n

∑ (O − P )
i

E = 1−

2

i

i =1
n

∑ (O − O )

(16)

2

i

i =1

and E, lies between 1.0 (perfect fit) and −∞ . Below
than zero means that the mean value of the observed series
would have been a better predictor than the model [44].
The index of agreement (d) is:
n

∑ (O − P )
i

d = 1−

2

(17)

i

i =1

n

∑( P − O + O − O )
i

2

i

i =1

and lies between 0 (no correlation) and 1 (perfect fit).
The Akaike information criterion is one of the most
useful criteria in time series modeling. It can be defined
as below:

2.2.3 Performance Indicators
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n
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where, the appropriate model orders

p1 and p2 for

2

two different regimes, σˆ is the residuals variance, and
n is the number of data. This measure is useful for determining optimal time series model by considering minimum parameters (i.e. parsimony principle).
3 RESULTS AND DISCUSSION
Before applying the nonlinear chaotic prediction
method, the appropriate delay time for the phase-space
reconstruction was determined by the mutual information
method. In Fig. 2, the lag time that provides the first and
local minimum of the mutual information function was
chosen as the delay time, τ [10, 38].
In Fig. 2, the first local minimum of the function is
attained when delay time τ is 24 days. After this delay
time, the relative change of the mutual information function fluctuates around zero value (Fig. 2b). After obtaining the delay time, the correlation dimension of runoff
series was estimated by the Grassberger-Procaccia algorithm for different embedding dimensions (m) from 1 to
25. Fig. 3 shows the relationship between ln C(r) and ln(r)
for the daily discharge series for different embedding
dimensions.

(a)

In Fig. 3, from the scaling regions (i.e. approximate
straight middle segments of each of the plots), the slopes
which are equal to the correlation dimension, (d), were
calculated by the least square estimation and the estimated
correlation exponents with embedding dimensions are
given in Fig. 4. The estimated correlation exponent values
increase with an embedding dimension up to a certain
value, and remain constant for higher values. The saturation of the correlation exponents beyond certain embedding dimension values could be an indication of the existence of deterministic dynamics [4]. In this analysis, the
saturation value of the correlation dimension (i.e. d =
2.89) is obtained with m = 18. Since the embedding dimension, m>d, would be sufficient [19] to characterize
the system dynamics, thus m = 3 is enough. The nearest
integer above the saturation value of the correlation exponent gives the minimum embedding dimension for reconstructing the state space, which equals to the number of
dominant variables to model the dynamics of the considered system [2]. Therefore, the number of necessary variables to model the system is equal to 3. To apply the nonlinear dynamical prediction approach, the embedding
dimension was taken as 3, and for different nearest neighbor values, the runoff predictions were obtained. The
nearest neighbor number that gives the best model prediction performance was taken as optimal neighbor number
(Fig. 5).
(b)
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FIGURE 2 - (a) Mutual information as a function of day, and (b) its relative change with delay time for the daily runoff series of Nolin River.
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FIGURE 3 - Correlation integral plot for different embedding dimensions (m) of daily discharge series.
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FIGURE 4 - Correlation exponent versus embedding dimension of
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of time series. Therefore, the determination of optimal
neighbor number is vital for reliable predictions. The
obtained predictions and the observed values are given in
Fig. 6.
The dynamical behavior of observed runoff was well
captured with the nonlinear dynamical approach (Fig. 6).
Especially, with this approach, good predictions of low
and high flows were obtained. However, the biggest disadvantage of the k-NN model is that it has rather limited
generalizable features as can be seen; so the peak flows
could not be well estimated. The main reason of this is
that the past records (train period) of the runoff series do
not include as high peak flow as test period. The k-NN
model performance largely depends on the selection of
number of nearest neighbors and the similarity between
the calibration and validation series. Because of the frequent occurrences of the low flow patterns, the trained
model gave better generalization results of these regions
but failed in the peak flow forecasting. Therefore, for better
generalizable forecasting performance, a representative
calibration period should be selected. To compare these
results, the nonlinear stochastic model SETAR was constructed.
3.1 Self-exciting TAR (SETAR) models

Nearest neighbor number
FIGURE 5 - Determination of nearest neighbor number as a function of RMSE criterion.

From Fig. 5, the optimal nearest neighbor number
(i.e. k) was selected as 7 of which the RMSE value is
354.02 m3/s. The RMSE is decreasing with the increase in
neighbor number up to 7, and after this value, the RMSE
starts to increase. The reason of this is that by adding more
neighbors, the prediction starts to approach the mean value

In this study, since the SETAR models with two regimes are quite efficient in modeling stream-flow data
[25], in addition, to model simplicity and to reduce computational required time, the regime number is selected as
two. To determine the degree of the SETAR models, the
partial autocorrelation function was estimated (Fig. 7). Statistically significant partial autocorrelation function values
1, 2, 3 and 5 days were selected as delay times. For different
threshold values, SETAR models were estimated and the
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optimal threshold value was found to be 10.025 m3/s. For
this threshold value, SETAR models and their performance

criteria values for each optimal delay time are given in
Table 2.

300

Observed runoff
Discharge (m3/s)

Predicted runoff
200

100

0

0

200

400

600

Day
FIGURE 6 - Non-linear dynamical approach prediction results.

FIGURE 7 - Autocorrelation and partial autocorrelation function of the daily time series.
TABLE 2 - Calibration results of each SETAR (p1, p2, k) model for threshold value 10.025 m3/s.
Assessment Index

MAE

RMSE

r

R2

A.I.C.

Assessment Index

MAE

RMSE

r

R2

A.I.C.

SETAR(1,1,2)
SETAR(1,2,2)
SETAR(1,3,2)
SETAR(1,5,2)
SETAR(2,1,2)
SETAR(2,2,2)
SETAR(2,3,2)
SETAR(2,5,2)

5.280
5.279
5.236
5.257
5.270
5.269
5.226
5.246

13.141
12.616
12.403
12.429
13.132
12.607
12.394
12.419

0.989
0.965
0.954
0.951
0.989
0.964
0.954
0.951

0.978
0.931
0.910
0.904
0.978
0.929
0.910
0.904

5.153
5.072
5.039
5.044
5.152
5.070
5.037
5.043

SETAR(3,1,2)
SETAR(3,2,2)
SETAR(3,3,2)
SETAR(3,5,2)
SETAR(5,1,2)
SETAR(5,2,2)
SETAR(5,3,2)
SETAR(5,5,2)

5.266
5.265
5.221
5.241
5.282
5.280
5.237
5.240

13.133
12.608
12.393
12.419
13.180
12.659
12.446
12.418

0.989
0.965
0.954
0.951
0.986
0.962
0.952
0.951

0.978
0.931
0.910
0.904
0.972
0.925
0.906
0.904

5.153
5.071
5.037
5.043
5.162
5.081
5.047
5.043

Based on the minimal MAE, RMSE and A.I.C. values, the best SETAR model was chosen as SETAR (3, 3, 2).
In Table 2, if one chooses the optimal model by only
considering the r or R2, he/she simply disregards the residuals’ variance and, therefore, predicting performance.
Also, r or R2 indicators are the measure of co-variation of
predicted and observed values, thus considering MAE,

RMSE and A.I.C. are advisable for model selecting.
Therefore, if r and/or R2 is used for model validation, it is
advisable to take into account additional criteria since a
model which systematically over- or underestimates, all
the time will still result in good r and R2 values close to
1.0, even if all predictions are wrong [44]. The obtained
SETAR (3, 3, 2) model’s parameters are shown below:

2846

© by PSP Volume 22 – No 10. 2013

Fresenius Environmental Bulletin

⎧0.3232+ 1.5046⋅ Y(t −1) − 0.3036⋅ Y(t −2) − 0.056⋅ Y(t −3) + et1
(0.1270)
(0.0726)
⎪⎪ (0.3332) (0.1294)
Yt = ⎨
⎪8.0379+ 0.9291⋅ Y − 0.4474⋅ Y + 0.1917⋅ Y + e
⎪⎩ (0.8589) (0.0281) (t −1) (0.0359) (t −2) (0.0278) (t −3) t2
In the above model, the brackets show standard errors
of the estimated parameters. To this, the second regime’s
parameters are all statistically significant but the first
regime’s mean (0.3232) and φ3 (0.056) parameters are
statistically insignificant. Herein, the mean and

φ3

pa-

SETAR model has an advantage that it allows us to
examine the system dynamics and to determine which observed values how affect the forecasted value. For instance,
in the lower regime, the latest observed value tries to increase the forecasted value while the observed value of two
days before tries to decrease the forecasted value. In the

(19)

Y(t −1) ≥ 10.025

rameters can be omitted, or a new model can be selected
from Table 2. It is preferred selecting a new model, and
the nearest results to SETAR (3, 3, 2) were obtained with
the SETAR (2, 3, 2) model in which φ3 parameter is
dropped. The SETAR (2, 3, 2) model is as follows:

⎧0.3744+ 1.4947⋅ Y(t −1) − 0.3363⋅ Y(t −2) + et1
(0.1427)
⎪⎪ (0.3337) (0.1297)
Yt = ⎨
⎪8.0379+ 0.9291⋅ Y − 0.4474⋅ Y + 0.1917⋅ Y + e
⎪⎩ (0.8589) (0.0281) (t −1) (0.0359) (t −2) (0.0278) (t −3) t2
where all the parameters are statistically significant.
The predicted values with SETAR (2, 3, 2) and observed
values are shown in Fig. 8. The nonlinear dynamical approach is not as successful in representing dynamical behavior of runoff process as SETAR (2, 3, 2). The nonlinear
dynamical approach’s low flow predictions do not reflect
the flow dynamics. Especially, in this approach, pulses can
be seen after 600 days which were not seen in the predictions of SETAR model. However, with the SETAR model,
the low flow dynamics between about 50 and 130 days
were not be well captured. The main reason of this is that
the first regime of SETAR model is comprised with AR(2)
model which is clearly insufficient. However, this model
yields higher peak flows than the nonlinear dynamical
approach, which is useful for flood control studies although, in the SETAR model predictions, the sudden
decreases after high flows were obtained. This behavior is
well appreciated in finance (where the SETAR model
originated) but such sudden decreases in runoff process
after high flows are not reasonable or realistic. Such sudden decreases were not obtained with the nonlinear approach, which means that it is more successful in representing nonlinear falling limb.

Y(t −1) < 10.025

Y(t −1) < 10.025
(20)

Y(t −1) ≥ 10.025

upper regime, first and third before days' observed values
try to increase the forecasted value whereas the second
past observed value tries to decrease the forecasted value.
In both regimes, the second past observed value has a negative effect on the forecasted value. In addition, we can
make inferences about the behavior of the catchment from
the threshold variable. If the water level exceeded threshold value, where the soil could handle, then the capacity is
full and the response of the soil accounting for all the
water may result in surface runoffs and probably a greater
chance of flooding and erosions. In contrary, when no or
very little precipitation has occurred for a period of time,
droughts would be more probable to occur and the possibility of observing runoffs above the threshold is no longer probable because the high capacity of the soil to absorb
the water.
In the scatter diagrams of the model results, we can
conclude that the SETAR model produced some outliers
around 100 m3 s-1 discharges. The main reason of this is
that the second past observed value highly negatively
affects the forecasted value and produced sudden decreases after peak flows. From Fig. 9, around low flows, while
the k-NN model yielded higher values than the observed
ones, the SETAR model produced lower values than the
observed ones. However, for the SETAR model, the forecasts scattered few around the 45 degree fit while this is
not valid for the k-NN. Also, the SETAR model peak
values are nearer to the observed ones.
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FIGURE 8 - Original data and forecasted values with SETAR (2, 3, 2) model.

(b) k-NN

(a) SETAR

FIGURE 9 - Scatter plots of the forecasted and observed discharges.

TABLE 3 - Forecasting performances of the nonlinear dynamical prediction approach and SETAR (2, 3, 2) model.
Performance indicators
Nonlinear dynamical approach
SETAR (2, 3, 2)

MAE
3.851
3.274

RMSE
13.112
9.911
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r
0.912
0.951

R2
0.832
0.904

d
0.924
0.961

E
0.787
0.878
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The performance indicators are in harmony with each
other that shows the SETAR (2, 3, 2) model’s performance is better than the k-NN (Table 3). The main reason
of this is that the dynamics of training period is not identical to that of the test period. Especially, in the state
space prediction method, the number and characteristics
of data in training period gains more importance than the
SETAR model. If there is not enough data, it is advisable
to use SETAR model; however, when the behavior of
nonlinear falling limb is important, it is advisable to use
the nonlinear dynamical approach. Also, the SETAR
model is advisable when peak flow prediction is important. These results show that the modeller needs to
know his/her necessities in modeling process and should
choose the appropriate model.
The above results are highly dependent on the system
dynamics. To conclude more generalizable results, whether
SETAR or k-NN model is better in forecasting discharges,
it is obvious that more discharge time series that have various dynamics should be modeled and forecasted. A further study with more focus on system dynamics is underway.
4 CONCLUSIONS
In the literature, two main modeling approaches, i.e.
stochastic and chaotic, gave rise to different models. In the
first assumption, a hydrological time series is originated
from a stochastic process with an infinite number of degrees of freedom, and in the latter assumption, randomlooking hydrological processes are governed by nonlinear
deterministic systems. In the literature, both approaches
produced quite efficient results in forecasting discharges.
However, there are rather limited studies that compare both
approaches. In most of these studies, it was concluded that
as a chaotic nonlinear dynamical approach k-NN (k-nearest
neighbor) model gave better results than the linear stochastic models. To the author's knowledge, just Yu et al. [32]
proposed that the k-NN performed worse than linear
ARIMA model in daily stream-flow forecasting. To obtain more concrete results, in this study, nonlinear dynamical approach (k-NN model) with the nonlinear selfexciting threshold autoregressive (SETAR) model has been
compared for the first time.

and then, the correlation integral of training period was
estimated. The correlation dimension of data set was found
as 2.89 which offers the embedding dimension could be
taken as 3. Then, while the embedding dimension was 3,
the predictions of this method were estimated for different
neighbor numbers and the optimal nearest neighbor number
was found to be 7 from k versus RMSE graph.
For the SETAR model, we considered two regimes in
the runoff process for model simplicity and reducing computational required time. To find the best model structure,
partial autocorrelation function was estimated. The statistically significant 1, 2, 3 and 5 delay times were considered
in model building. With different threshold values, and for
the statistically significant delay times, 16 SETAR models
were obtained. The best model structure (SETAR (2, 3, 2))
was determined by considering all parameters which were
statistically significant, also with MAE, RMSE and AIC
criteria. r and R2 criteria were not considered in model selection because of consistently over and under-estimated results
could still give high r and R2 values [44].
The results revealed that the SETAR (2, 3, 2) model's
prediction performance was better than that of the nonlinear dynamical approach. The main reason of this could be
deficient training data points and different flow characteristics between training and testing periods. The SETAR
(2, 3, 2) model gave higher peak flow prediction and
better predicted low flow dynamics than nonlinear dynamical approach. However, nonlinear dynamical approach
gave realistic results after peak flow predictions, and it
could be said, a better representation of nonlinear behavior
of falling limb. Overall, in a relatively short data set, we
found that SETAR model is better than k-NN by means of
efficiency criteria.
In the present study, to the author`s knowledge, it is
firstly tried to answer to the question “Which approach (i.e.
k-NN or SETAR) is better in predicting runoff time series?”.
In further studies, we will investigate the prediction performances of k-NN and SETAR models in different streamflows having different dynamics to obtain results that are
more generalizable.

The forecasting performances of the k-NN and
SETAR model were compared in the runoff dynamics of
Nolin River, USA. The data set covers the 2000 to 2008
period, and it was divided into two groups, as training and
testing periods. The first part of data consists of data between the years 2000 and 2006, and the latter part consists
of 2007 and 2008 period. For the nonlinear dynamical
approach, the optimal embedding dimension was determined
with the correlation dimension analysis. For this analysis, the
delay time, one of the most important parameters in this
analysis, was determined with the first local minimum of
mutual information function. It was found to be 24 days,
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EFFECT OF NITROGEN AND PHOSPHORUS LEVELS ON
THE LIPID PRODUCTION OF CHLORELLA VULGARIS AND
EVALUATION OF ULTRASOUND-ASSISTED LIPID EXTRACTION
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ABSTRACT
The effect of nitrogen and phosphorus levels on the
lipid production and fatty acid composition of Chlorella
vulgaris was investigated. In addition, ultrasound-assisted
lipid extraction was evaluated based on its efficiency.
Results showed that nitrogen concentration in the culture
medium affected the lipid yield, biomass production and
lipid composition significantly. The highest lipid yield of
34.4 g lipid/100g biomass was obtained under the initial
NaNO 3 concentration of 35 mg L-1. The highest lipid
production occurred when the initial NaNO3 concentration was 150 mg L-1. The major fatty acids detected include C16:0, C18:0, C18:1, C18:2 and C18:3. Nitrogen
limitation led to an increase of C18:1 and a decrease of
C18:3. The phosphorus level did not influence the lipid
production and composition obviously, while insufficient
phosphorus caused poor biomass production. Ultrasoundassisted lipid extraction was effective for C. vulgaris, of
which the ultrasonic treatment time was the most important parameter to affect the lipid yield.

KEYWORDS:
Lipid, extraction, Chlorella vulgaris, ultrasound-assisted

1 INTRODUCTION
During the past decade, interest in the ability of microalgae to produce lipids, which can be converted into
biodiesel, has increased due to the concerns regarding
fossil fuel depletion. Some microalgae are characterized
by fast growth, high oil content, high-efficiency carbon
dioxide mitigation, low demand for water and farmland as
compared with conventional biofuel resources like corn,
soybean, rapeseed and sunflower [1, 2]. The lipid content
of microalgae varies between 1 to 70% of dry weight, and
many species of microalgae can be induced to accumulate
even higher quantities of lipids. Among common micro* Corresponding author

algae, Chlorella is a good option for its substantial oil
content (18-57% dry weight biomass), considerable biomass productivity (3.5-13.9 g m-2 day-1) and easier cultivation that are required for economic biofuel production
[3-5]. Although for Chlorella, or any other types of microalgae, lipid accumulation and biomass productivity are
not always correlated, it is possible to increase the
productivity of lipids by optimizing their growthdetermining factors, such as light intensity, temperature,
nitrogen level, phosphorus level and salinity. Moreover, the
lipid properties can also be controlled by adjusting these
growth conditions [6-8].
Lipid extraction, usually composed of two steps - cell
disruption and chemical solvent extraction, is one of the
key processes in biofuel production. The contents of lipid
are principally determined by the extraction method and
device [9]. Various methods have been used for cell disruption including mechanical means, such as homogenizations, bead mills and sonication; non-mechanical means,
such as autoclaving, microwave, enzymatic lysis, freezing
and thawing, osmotic shocks [10-14]. Sonication is one of
the most widely used laboratory-scale cell disruption
methods, ultrasound of frequency higher than 20 kHz can
crack cells due to cavitation phenomena, i.e. shear stress
developed by viscous dissipative eddies arising from shock
waves produced by imploding cavitation bubbles [11].
Generally, the extent of cell disruption depends on the
residence time, power or intensity, microalgae type, cells
concentration, etc. Solvent extractions employ organic
solvents to extract lipids because they have high selectivity and solubility towards lipids. The solvents frequently
used include hexane, chloroform, methanol, ethanol, dimethyl ether and toluene [15-17]. Studies on using supercritical CO2 to extract lipids from microalgae has also been
explored recently, which offers several advantages, such as
low toxicity, low critical temperature, favorable mass transfer equilibrium and easy separation from products [18, 19].
In this research, the effects of nitrogen and phosphorus on the lipid production of Chlorella vulgaris were
investigated. Moreover, the extraction efficacy of ultrasound-assisted lipid extraction (ultrasound cell disruption
combined with solvent extraction) from C. vulgaris was
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evaluated as an attempt to maximize the lipid yield and
compared with some previous studies.
2 MATERIALS AND METHODS

sound at a frequency of 20 kHz. The cycle of sonication
included 5 seconds power on and 5 seconds power off,
automatically controlled by a timer. The power and total
working time varied for each experiment to optimize the
treatment conditions.

2.1 Chemicals

Cell suspension

Hexane, acetic ether, and methanol were of High
Performance Liquid Chromatography (HPLC) grade
and purchased from Sigma-Aldrich Co. (USA).
NaNO 3 , K 2HPO 4, MgSO 4·7H 2O, CaCl2·2H 2O, citric
acid, ferric ammonium citrate, Na 2 EDTA, Na 2 CO 3 ,
H 3 BO 3 , MnCl2·4H 2O, ZnSO 4·7H 2O, Na2MoO 4·2H 2O,
CuSO 4·5H 2O, Co(NO3)2·6H2O and KOH were of analytical reagent grade and purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).

Ultrasound cell disruption
Disrupted cell suspension
Centrifugation
Centrifugal supernatant
Solvent extraction
Lipid fraction
Vacuum rotary evaporation
Crude lipid

2.2 The effect of nitrogen and phosphorus levels on the lipid
production of C. vulgaris

C. vulgaris are eukaryotic photosynthetic microorganisms that grow rapidly due to their simple structure,
and are generally acknowledged to be one of the most promising candidates for commercial lipid production [20, 21].
The microalgal strain used for this study was C. vulgaris
(from Institute of Hydrobiology, Chinese Academy of
Sciences, Wuhan, China). The microalgae were cultivated
in Erlenmeyer flasks set into a photo incubator (PGX-350B,
SAIFE Co., China) under a temperature of 25 ºC. The illumination was supplied by artificial lighting with light/dark
cycle of 12/12 h, and the light intensity was set at 9600 lx.
C. vulgaris was grown in a Blue-Green Medium (BG11)
containing 75 mg L-1 MgSO4·7H2O, 36 mg L-1 CaCl2·2H2O,
6 mg L -1 citric acid, 6 mg L-1 ferric ammonium citrate,
1 mg L-1 Na2EDTA, 20 mg L-1 Na2CO3, and trace metals
of 2.86 mg L-1 H3BO3, 1.86 mg L-1 MnCl2·4H2O, 0.22 mg
L-1 ZnSO4·7H2O, 0.39 mg L-1 Na2MoO4·2H2O, 0.08 mg L-1
CuSO4·5H2O, and 0.05 mg L-1 Co(NO3)2·6H2O. The concentrations of NaNO3 were selected to be 1300, 550, 150,
35, and 3 mg L-1, and those of K2HPO4 were selected to
be 27, 15, 4, and 0.3 mg L-1. Nitrogen and phosphorus
levels were independent variables.
NaNO3 concentration was measured by cadmium reduction method (HACH Method 8039). K2HPO4 concentration was measured by ascorbic acid method (HACH
Method 8048). Microalgae concentration was determined
by a spectrophotometer (723N, Jingke Industrial Co., Ltd,
Shanghai) at 540 nm. The cells were separated from medium by centrifugation (Model CT14D, Techcomp, China) at
14,000 rpm for 30 min, and dried at 80 ºC for 3 h to constant weight for biomass determination.
2.3 Ultrasound-assisted lipid extraction from C. vulgaris

The procedure used for ultrasound-assisted lipid extraction from C. vulgaris is described in Fig. 1.
The probe of sonicator (JYD-1200L, ZhiSun instrument, Shanghai, China) was inserted into 80 ml C. vulgaris
cell suspension, and the cells were disrupted with ultra-

Weigh and transesterification
FAME
GC/MS analysis
FIGURE 1 - Flow diagram of ultrasound-assisted lipid extraction
methods.

The disrupted cells were separated by centrifugation
at 14,000 rpm for 30 min from the medium; the supernatant contained the lipids issued from broken cells. Chemical
oxygen demand (COD) and chlorophyll concentration of
the supernatant before and after cell disruption were measured and used to estimate the disruption efficiency. COD
was measured by a high-range COD method (HACH
Method 8000). Chlorophyll concentration was measured
spectrophotometrically according to Eqs. 1 to 3 as recommended by Arnon [22]:
Total chlorophyll (mg L-1) = 20.2 A645 + 8.02 A663 (1)
Chlorophyll a (mg L-1) = 12.7 A663 - 2.69 A645
-1

Chlorophyll b (mg L ) = 22.9 A645 - 4.68 A663

(2)
(3)

where, A645 and A663 represent the solution absorbance at 645 nm and 663 nm, respectively.
The total lipid in supernatant was extracted by a liquid-liquid extraction method [23] using 50 ml of hexaneacetic ether (1:1 v/v) mixture as solvent. The lipid fraction
was separated from water in a separatory funnel; in case
of emulsification, the lipid fraction would be further separated from water by centrifugation at 14,000 rpm for 30 min.
After separation, the organic solvent was evaporated in a
vacuum rotary evaporator (RV 10 DS25, IKA, Germany).
The weight of crude lipid of each sample was measured
using an electronic balance (BSA224S-CW, Sartorius,
Bohemia, NY). The yield of crude lipid Y (glipid/100 gbiomass)
was calculated according to Eq. 4:

Y=

W
× 100
CTSS × V

(4)

where, W is the weight of crude lipid (g), and V is the
volume of cell suspension (L).
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The lipids were further trans-esterified to fatty acid
methyl esters (FAMEs) by the following procedure: (1)
crude lipid was redissolved in 1 ml hexane, (2) 200 µl of
2 mol L-1 KOH-methanol solution was added to the crude
lipid-hexane solution, (3) the mixture was vortex-mixed
in a centrifugal tube for 2 min and settled for 1 min, and
(4) the FAMEs in the supernatant were then subjected to
composition analyses.

of crude lipids. In addition, hexane and acetic ether were
less toxic than many other solvents [17, 25]. Due to these
properties, they may be promising candidates for largescale industrial processing.
25

(a)
Y (g lipid/100g biomass)

2.4 FAME composition analyses

The FAME composition analyses were performed using a Gas Chromatograph (Agilent, Model: 7890A, CA,
USA) equipped with a Chrompack capillary column (DB5MS, film thickness 0.25 µm, length 30 m, internal diameter 0.25 mm) and an inert Triple-Axis Mass Spectrometer
Detector (Agilent, Model: 5975C, CA, USA). Sample (1 µl)
was injected in splitless mode with an injector temperature
of 270 °C. The initial oven temperature was 50 °C held for
1 min, then increased to 180 °C at 15 °C/min, followed by
7 °C/min to 230 °C, finally 30 °C/min to 300 °C, and held
at 300 °C for 10 min. Helium was used as carrier gas at
the flow-rate of 1 ml/min. The MS was operated in scan
mode with a mass range of 20-500 amu. The compounds
were identified by comparing their mass spectra with the
National Institute of Standards and Technology (NIST)
library of mass spectral data, and semi-quantitatively
analyzed according to Chinese national standard methods
(GB/T 17377-2008) [24].
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The first objective of this study was to study the efficiency of ultrasound-assisted lipid extraction, which was
composed of two steps: ultrasound cell disruption and
solvent extraction. In order to extract the highest lipid content, different ultrasound treatment times and powers were
investigated. C. vulgaris cultivated in BG11 for 2 months
was used in the extraction tests. The results were described
as shown in Fig. 2.
As shown in Fig. 2(a), the lipid yield obtained by ultrasound-assisted lipid extraction increased with treatment
time. From 5 to 60 min, the lipid yield of C. vulgaris per
100 g of the dry microalgae increased from 7.7 to 21.3%.
This result corresponded well with some previous reports
that C. vulgaris had a lipid content of around 20% [21].
The impact of sonic power was not as apparent as treatment time. The lipid yield varied little when sonic power
increased from 60 to 960 W. This indicated that a power
of 60 W was able to generate enough acoustic energy to
crack the C. vulgaris cells and drive the cell contents out.
A mixture of hexane and acetic ether was chosen to be the
extract solvent. A high extract recovery for crude lipid
was achieved by this mixture. Hexane was reported to
have higher selectivity towards neutral lipid fractions and
minimal affinity towards non-lipid impurities [18]. Acetic
ether had a larger polarity and could extract greater amounts

(c)

2000

5

3.1 Efficiency of ultrasound-assisted lipid extraction

Increase of COD (mg L-1)

3 RESULTS AND DISCUSSION

10

© by PSP Volume 22 – No 10. 2013

ultrasound conditions
FIGURE 2 - (a) Lipid yield of C. vulgaris obtained by ultrasoundassisted lipid extraction, (b) Increase of chlorophyll concentration in
the centrifuged medium, (c) Increase of COD in the centrifuged
medium (5 min/360 W stands for treatment time of 5 min and ultrasound power of 360 W).

To better estimate the cell disruption effect of ultrasound, the concentrations of chlorophyll and COD in the
centrifuged medium before and after cell disruption were
measured at the same time with lipid measurement. Figs.
2(b) and (c) illustrate the increase of chlorophyll concentrations and COD in the centrifuged medium, which showed
a similar variation tendency with the lipid yield, indicat-
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FIGURE 3 - (a) Effect of nitrogen concentration on C. vulgaris
growth, (b) Effect of nitrogen concentration on NaNO3 consumption
by C. vulgaris.
1.2

3.2 Effect of nitrogen and phosphorus concentrations on
microalgae growth

1.0
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Fig. 3 (a) illustrates the effect of nitrogen concentrations on C. vulgaris growth, which indicated that the microalgae growth increased continuously under all 5 NaNO3
concentrations. When other conditions (temperature, light
intensity, phosphorus concentration and CO2 level) were
controlled to be the same, the cells growth increased with
initial NaNO3 concentration. As the initial NaNO3 concentration increased from 3 to 550 mg L-1, the final biomass concentration increased from 0.35 to 1.09 g L-1,
which indicated that sufficient nitrogen sources accelerated
the growth of C. vulgaris, and deficient nitrogen sources
would limit the cell growth. However, when the initial
NaNO3 concentration reached a certain high level, in this
research 550 mg L-1, the cell growth did not increase anymore, and thus, further increase of NaNO3 concentration
to 1300 mg L-1 gave no rise to the microalgae growth.
Fig. 3 (b) illustrates the NaNO3 consumption by the
microalgae, when the initial NaNO3 concentrations were
1300 and 550 mg L-1, and the remaining NaNO3 concentrations were 1014 and 55 mg L-1, respectively. When the
initial NaNO3 concentrations were 150, 35 and 3 mg L-1,
the nitrogen sources were almost depleted after 28-days
cultivation. The consumptions of NaNO3 per unit biomass

1.0

Microalgae biomass (g L-1)

Considering the time and energy consumption, the lipid extraction by 30-min ultrasound treatment under the
power of 360 W combined with solvent extraction by a
1:1 mixture of hexane-acetic ether was decided to be used
to determine the lipid yield of C. vulgaris.

1.2

0.0

NaNO3 concentration (mg L-1)

The application of ultrasound to promote extraction
efficiency began several decades ago. The procedure usually involved a directly inserting sonicator probe into a dry
biomass-organic solvent suspension demanding an excellent cooling system to prevent overheating and a sealing
device to avoid violent solvent splashing [26]. In this
research, the ultrasound-assisted lipid extraction was
carried out in water which directly omitted the drying process. The sonicator was set to work intermittently to avoid
overheating without extra cooling system, and no sealing
device was needed since only very limited splashing occurred. The final temperature of the suspension after 60-min
disruption was measured to be 78 ºC, which was acceptable
for the purpose of lipid extraction. Under these conditions,
only a very small amount of lipids would be destroyed.
However, when the target extracts involved bioactive compounds, the feasibility of ultrasound-assisted lipid extraction should be reevaluated.

Microalgae biomass (g L-1)

ing that chlorophyll and other cell contents issued together with lipids from the broken cells. Between chlorophyll
and COD, the change in chlorophyll followed even closer
to that of the lipid yield. These results provided an economic way to estimate the cell disruption rate by measuring
chlorophyll concentration in the medium before and after
cell disruption. Monitoring of chlorophyll was simple,
time-saving and less demanding in chemical reagents.
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FIGURE 4 - (a) Effect of phosphorus concentration on C. vulgaris
growth, (b) Effect of phosphorus concentration on
K2HPO4 consumption by C. vulgaris.
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were 314, 454, 321, 126 and 4.6 mg NaNO3/g biomass for
the culture medium with initial NaNO3 concentrations of
1300, 550, 150, 35 and 3 mg L-1, respectively. This result
suggested that the initial NaNO3 concentration of 550 mg L-1
was optimal for the growth of C. vulgaris, and the removal
of nitrogen from water. A very high NaNO3 concentration
such as 1300 mg L-1 might have some extent of inhibition
on the microalgae growth. There were researchers reporting that N usually depleted at the stationary phase, to maintain a high and continuous cell growth, and N sources need
to be replenished periodically [8].
When the initial NaNO3 concentration was controlled
at 1300 mg L-1, the effects of P level on C. vulgaris growth
and K2HPO4 consumption by the microalgae were studied,
as shown in Fig. 4. The results indicated that plenty of P
was necessary for cell growth of the microalgae, and the
highest K2HPO4 concentration of 27 mg L-1 led to the
highest biomass production. Lack of P sources limited the
cell growth conspicuously, when the initial K2HPO4 concentrations were reduced to 4 and 0.3 mg L-1, the biomass
had shown almost no accumulation in 28 days and the
exhaustion of P sources occurred within only 4 days.
Although P was required in smaller amounts during
microalgae growth, it must be supplied in excess of basic
requirement since it often bonds with metal ions, thus making P less bioavailable [27, 28]. So both N and P sources
could affect the microalgae growth significantly; thus, it
should be taken into account simultaneously to optimize
the biomass production.
3.3 Effect of nitrogen and phosphorus concentrations on the
quantity and composition of lipids

Many studies reported that N limitation was the most
effective method to improve lipid accumulation in microalgae. Lack of N limited the protein biosynthesis thus increasing the ratio of lipids [20, 29-31]. In this study, the
result was consistent with these previous findings as shown
in Table 1. The highest lipid yield was obtained at the initial NaNO3 concentration of 35 mg L-1, which was up to
34.4 g lipid/100 g biomass, yet under this nitrogen deprivation
condition, the biomass production was very low, thus
leading to a lower lipid production. At the initial NaNO3
concentration of 150 mg L-1, both the lipid yield and bio-

mass production were relatively high, thus obtaining the
highest overall lipid production. An extremely low nitrogen level, for example, initial NaNO3 concentration
of 3 mg L-1, showed negative impact on lipid accumulation. It might be because microalgae cells began to consume the nutrients and they accumulated in the earlier
periods under this N starvation conditions. Phosphorus
was less important for lipid accumulation, under all the
K 2HPO 4 concentrations studied; the lipid yields were
similar. Oversupply of P enhanced the biomass production,
thus leading to higher total lipid production. Since lipid
accumulation occurred at nitrogen depletion when the
microalgae growth was very slow, an optimum compromise between lipid yield and biomass production should be
considered to achieve an effective biodiesel production
from C. vulgaris. Rodolfi et al. [32] took a strategy to cultivate large amounts of microalgae biomass under a nutrient
sufficient condition, and followed by a nitrogen deprived
phase to boost lipid synthesis, which brought an increase of
both lipid content and areal lipid productivity. In this research, the initial NaNO3 concentration of 150 mg L-1 and
P of 27 mg L-1 were found to be the best growth condition
for lipid production of C. vulgaris.
It was important to determine the lipids profile to assess the feasibility to transfer them to biodiesel. Table 1
shows that the major carbon numbers of fatty acids in C.
vulgaris were 16 and 18, which was close to the carbon
number in the carbon chain of the diesel oil molecules of
about 15, and was considered to be suitable for biodiesel
production [33]. Among these fatty acids, palmitic acid
(C16:0) was the most predominant type, accounting for
33-40% of the total fatty acids found in C. vulgaris lipids.
Usually unsaturated fatty acids were prone to oxidation but have lower melting point that is favorable for
cold areas [34]. There was a trend that the relative contents of linolenic acid (C18:3) decreased from 10.4% to
under the detection limit when initial NaNO3 concentration decreased from 1300 to 3 mg L-1. This change made
it a raw material with higher quality for biodiesel according to European Standard (UNE-EN 14214, 2003), which
limited the content of C18:3 to 12% [34]. The decrease of
initial NaNO3 concentration also led to a significant increase of oleic acid (C18:1) and a slight increase of li-

TABLE 1 - The fatty acids quantity and composition of C. vulgaris grown in different media.
NaNO3 conc.
(mg L-1)/
K2HPO4 conc.
(mg L-1)

Lipid yield
Biomass
Lipid
(glipid/100gbiomass) production production
(g L-1)
(mglipid L-1)

Relative content of fatty acids (%)
C16:0 C16:1
C16:2
C16:3

C18:0

C18:1

C18:2

C18:3

Other
fatty
acids

1300/27
550/27
150/27
35/27
3/27
1300/15
1300/4
1300/0.3

5.1
4.7
12.4
34.4
18.7
6.5
5.4
4.2

40.1
35.8
36.3
35.0
35.0
33.6
38.4
39.3

15.3
11.2
7.8
7.6
7.1
28.2
24.2
32.6

10.1
11.7
22.6
26.0
24.5
10.7
3.9
11.0

13.7
17.4
20.3
19.5
20.7
10.4
10.1
9.9

10.4
12.9
0.4
6.0
14.2
1.1

6.5
4.7
3.5
2.4
4.0
5.8
3.6
2.7

1.68
1.96
1.27
0.29
0.35
1.53
1.05
0.33

85.68
92.12
157.48
99.76
65.45
99.65
56.43
13.98

3.9
6.3
0.4
5.3
5.6
3.4
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1.8
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noleic acid (C18:2) contents, which further improved the
lipid quality, better balancing the oxidative stability and
low-temperature properties of biodiesel [35]. The effect of
initial K2HPO4 concentration on the lipid composition was
not so obvious as that of NaNO3, and, therefore, it was not
applicable to optimize lipid synthesis by phosphorus limitation. Overall, the lipids produced by C. vulgaris under
all nitrogen and phosphorus conditions in this study consisted of over 65% of saturated and monounsaturated fatty
acids, which was in accordance with that reported in the
literature, and was considered to be suitable for biodiesel
production [8].

[5]

Ahmad, A.L., Yasin, N.H.M., Derek, C.J.C. and Lim, J.K.
(2011) Microalgae as a sustainable energy source for biodiesel production: A review. Renewable and Sustainable Energy Reviews, 15, 584-593.

[6]

Brennan, L. and Owende, P. (2010) Biofuels from microalgae - A review of technologies for production, processing,
and extractions of biofuels and co-products. Renewable and
Sustainable Energy Reviews, 14, 557-577.

[7]

Scott, S.A., Davey, M.P., Dennis, J.S., Horst, I., Howe, C.J.,
Lea-Smith, D.J. and Smith, A.G. (2010) Biodiesel from algae: challenges and prospects. Current Opinion In Biotechnology, 21, 277-286.

[8]

Yeh, K.-L. and Chang, J.-S. (2012) Effects of cultivation
conditions and media composition on cell growth and lipid
productivity of indigenous microalga Chlorella vulgaris ESP31. Bioresource Technology, 105, 120-127.

[9]

Lee, J.-Y., Yoo, C., Jun, S.-Y., Ahn, C.-Y. and Oh, H.-M.
(2010) Comparison of several methods for effective lipid extraction from microalgae. Bioresource Technology, 101, S75S77.

4 CONCLUSIONS
Ultrasound-assisted lipid extraction allowed effective
extraction of the microalgae lipids, and their lipid yields
mainly increased with ultrasonic treatment time. The reduction of nitrogen level increased the lipid yield of C. vulgaris and the highest lipid production was obtained at the
initial NaNO3 concentration of 150 mg L-1. Nitrogen limitation could also improve the lipid quality by reducing linolenic acid fraction as well as enhancing oleic acid fraction.
The phosphorus level did not influence both the lipid content and lipid composition obviously. However, low phosphorus levels led to low biomass production, which was
not favorable for lipid production.

[10] Doucha, J. and Lívanský, K. (2008) Influence of processing
parameters on disintegration of Chlorella cells in various
types of homogenizers. Applied Microbiology And Biotechnology, 81, 431-440.
[11] Geciova, J., Bury, D. and Jelen, P. (2002) Methods for disruption of microbial cells for potential use in the dairy industry--a review. International Dairy Journal, 12, 541-553.
[12] Balasubramanian, S., Allen, J.D., Kanitkar, A. and Boldor, D.
(2011) Oil extraction from Scenedesmus obliquus using a
continuous microwave system - design, optimization, and
quality characterization. Bioresource Technology, 102, 33963403.
[13] Chisti, Y. and Moo-Young, M. (1986) Disruption of microbial cells for intracellular products. Enzyme And Microbial
Technology, 8, 194-204.
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PHYSICO-CHEMICAL CHARACTERISTICS AND
1-YEAR MONITORING OF HEAVY METAL POLLUTION
AND ITS SEASONAL VARIATION IN SEAWATER OF
CAPE TOWN HARBOUR, SOUTH AFRICA
Hussein K. Okoro1,2*, Olalekan S. Fatoki1, Folahan A. Adekola2, Bhekumusa J. Ximba1 and Reinette G. Snyman3
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Department of Biodiversity and Conservation Management, Faculty of Applied Sciences,
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ABSTRACT
A 1-year monitoring of priority heavy metals As, Cd,
Hg, Pb and Sn in seawater from Cape Town harbour,
South Africa with respect to their seasonal variations and
their pollution levels were studied. The concentrations of
heavy metals were determined using ICP-MS analysis. In
addition, the physicochemical parameters, such as pH,
temperature, total dissolved solids and conductivity, were
measured with a view to obtain a baseline or bankable data
of their levels, and to access the seawater quality. High
significant variation (P ≤0.05) was observed for all metals
between seasons and across locations. Seasonal variations
of heavy metals showed that Sn and Cd are more prevalent
during summer while Hg, Pb and As are more prevalent
during winter season. According to EEC and ANZECC
guidelines, the values recorded for Cd across all locations
were within the permissible limit for aquatic life. According to WHO, EPA, TSE 266 guidelines for Pb in seawater,
the concentration values recorded in locations 1, 3, 5, 6, 9
and 10 were more than the permissible value (10 µg/L).
High values of heavy metals recorded could be due to
anthropogenic and natural sources.
KEYWORDS: Cape Town harbour, ICP-MS, heavy metals, seawater, contamination, physico-chemical properties

INTRODUCTION
Metals are commonly found in the environment
worldwide, and their occurrence and distribution in natural water comes from various sources [1-4]. Natural geochemical processes i.e. weathering of rocks, soils directly
* Corresponding author

exposed to surface water, have usually been the largest
natural sources of seawater contamination [5-7]. Another
source is anthropogenic input from industrial and mining
activities. An industrial activity has led to increase in heavy
metal concentrations of the environment, generally being
100-1000 fold higher than those in the Earth crust [5, 6].
Metal concentrations in seawater are greatly increased
anthropogenically, for instance, effluent discharge from
wastewater treatment plants, powers stations and agriculture
[8, 9]. Vast and rapid increase in industrialization and
urbanization in developing nations like South Africa, has
led to high metal pollution of the environment. In addition,
discharge of sewage, industrial spoil dumping of ballast
water, and ships cause and, in harbour facilities, increase
heavy metal loads in the coastal water [10-15].
Industrial and ship repair activities as well as other
physical, chemical and biological pollution of water thus
change the water quality and properties. The changes in
properties of the water affect the aquatic life in the area
[16]. Metals are essential elements to aquatic life, they
support their biological functions; however, they can be
toxic when at high concentrations [6]. The adverse effects
of serious problems caused by heavy metal pollutions in the
environment are decreasing aquatic species populations
and also exposure of human beings to these contaminants
through the food chain. In the light of potential changes,
toxicity can be dangerous to biological systems and human
health [4, 17, 18]. In addition, one of the most vital monitoring parameters to access water quality is physico-chemical
characteristics since they are unstable when water is extracted from its source. It is very important to obtain information on the seasonal variations of physicochemical
features of seawater in order to predict the treatment and
remediation processes. High significant variations in physico-chemical parameters affect the quality of the seawater
[20]. In natural environment like aquatic habitat, the phys-
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ico-chemical parameters like pH govern the rate at which
released metals will be scavenged from the water column,
and later returned to the sediments [20].
In Western Cape, South Africa, the Diep River, one
of the major rivers in the area, passes through various
pollution sources like agricultural lands and landfill sites.
Moreover, a wastewater treatment plant also discharges
into the river at the downstream end. This river eventually
ends up in joining the Cape Town harbour and contaminates the harbour with toxicants carried along in the water
course. Heavy metals like Cd, Hg, Pb, As, and Sn, investigated in this study, may exhibit high toxicity, even at low
concentrations under certain conditions. The determination
of toxic metal concentration allows the evaluation of quality
of seawater. Thus, this makes regular monitoring of Cape
Town harbour to be imperative [7, 21]. Heavy metal pollution studies have been conducted in other harbours in South
Africa which include Port Elizabeth and East London
harbours. High levels of metal contaminations were earlier reported in these aforementioned harbours [21]. However, there is dearth of bankable data on the status of
heavy metal contamination in Cape Town harbour. Nevertheless, relevant studies have reported on the heavy metal
contamination in harbours of Albania [22, 23] and in Lake
Kovada [24]. The main focus of this study, therefore, is to
investigate the pollution levels of priority heavy metals,
Cd, Pb, As, Hg and Sn across various seasons using ICPMS technique. The study also examines the influence of
seasonal variation on physico-chemical characteristics of
water quality from Cape Town harbour.

Marine influence

2 MATERIALS AND METHODS
2.1 Reagents and Instrumentation

Deionised water (MilliQ, 18.2 MΩ cm, Millipore Bedford, MA USA) was used for the preparation of samples
in this study. All reagents used were of analytical grade
and were supplied by Merck and Kimix of South Africa.
The polypropylene (PP), high density polyethylene (HDPE)
bottles were prewashed with laboratory-grade detergent,
rinsed with deionised water, soaked overnight in 0.1 M
HNO3, and finally rinsed with deionised water. An Agilent
7700 ICP-MS was used for the determination of heavy
metals.
2.2 Study area and sampling points

Cape Town harbour is one of the busiest ports in
South Africa, handling the largest amount of fresh fruit
and second only to Durban as a container port. The port
also has a major repair and maintenance facility, used by
several large fishing fleets and ships of West African oil
industries. The map of the sampling points in Cape Town
harbour is shown in Fig. 1. The Cape Town harbour is
located within the coordinates of 33o54’S 18o26’E. The
port evolved greatly over the centuries and currently consists of several main components. The Ben Schoeman
Dock is the largest outer dock of the port, where the container terminal is situated. The sediment samples collected
at this site were very clayey. The Duncan dock is the
smallest and the older inner dock, containing the multipurpose and fruit terminals as well as dry dock, repair

Harbour points

Control points

FIGURE 1 - Map indicating the sampling points on Cape Town Harbour.
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TABLE 1 - Summary of sampling sites with their coordinates and sampling depths.
Sampling sites
1
2
3
4
5
6
7
8
9
10
11
12

Coordinates
S33 55.053 E18 26.236
S33 54.982 E18 26.707
S33 54.571 E18 26.842
S33 54.518 E18 27.184
S33 54.502 E18 27.566
S33 54.574 E18 25.550
S33 54.411 E18 25.190
S33 54.535 E18 25.279
S33 53.827 E18 26.140
S33 53.862 E18 25.809
S33 53.926 E18 25.496
S33 54.367 E1825.370

Sampling depth
14 m
12 m
14 m
15 m
10 m
12 m
14 m
8m
3m
6m
12 m

quay and tanker basin. Both water and sediment samples
at this site are very muddy and oily. The synchrolift dry
dock is where the ships are lifted up for repair.
2.3 Sample collection and preparation

Water samples were collected in 1-L plastic containers which were initially washed with detergent and rinsed
with distilled water. The containers were finally soaked in
10 % nitric acid, and then rinsed at least three times with
MilliQ water. At the sampling sites, containers were rinsed
three times with the water samples before being filled with
the samples. The samples were preserved by adding concentrated HNO3 to each sample bottle, and the pH was
adjusted to 2.0 by the use of a pH-meter. The samples were
stored in a refrigerator at about 4 °C before subsequent
analysis. As samples may contain particulate or organic
materials, pre-treatment in the form of digestion is required
before analysis.
2.4 Water analysis

Aliquots (100 –ml) of well-mixed samples were
transferred into beakers, and 2 ml of concentrated HNO3
and 5 ml of concentrated HCl were added, respectively.
The samples were covered with ribbed watch glasses or
other suitable covers, and heated on a steam bath, hot plate
or other heating sources at 90 to 95 °C until the volume has
been reduced to 15-20 ml. 1 ml of conc. H2SO4, followed
by 1 ml of 5 % KMnO4 solution were added to 40 ml of
water sample. The mixture was boiled for about 1 min,
cooled on ice chest, transferred into a 50-ml standard flask
and diluted to a volume of 50 ml. The sets of blank samples
were prepared in the same manner. Physico-chemical parameters, such as pH, temperature, conductivity and TDS,
were measured in situ at the point of sample collection. The
pH was measured using a pH-meter with glass electrode
from Beckman (Fullerton, USA); a thermometer was used
to determine the temperature of the samples. A portable
meter was used to measure the TDS and conductivity.

Description
Duncan Dock
Duncan Dock
Ben Schoeman Dock
Inside Sea 500m away from Point 3
Inside Sea 500m away from Point 4
Duncan Dock
Robinson Dry Dock
Synchrolift
Entrance to harbour
Control A
Control B
Robinson Dry Dock 2.

3 RESULTS AND DISCUSSION
In the present study, Cape Town harbour water was
monitored seasonally for a period of one year. There are
few published data on heavy metals in and around Cape
Town harbour. It is thus necessary to investigate heavy
metal concentrations, their distribution in the harbour, and
compare the effects of seasonal variation on heavy metal
concentrations. The results of heavy metal analysis in this
study are summarised in Tables 2 and 3.
Arsenic is a metalloid which occurs in the elemental
state to a small extent; its concentration at all locations
ranged from 1.92 ± 0.42 to 4.30 ± 3.44 µg/L-1. Location 5
recorded the highest concentration of 4.30 ± 3.44 µg/L-1
while the lowest concentration of 1.92 ± 0.42 µg/L-1 was
recorded in location 3 (Ben Schoeman dock). The highest
concentration value for arsenic was recorded in winter.
The order of increasing seasonal values is spring < summer< winter as summarised in Tables 2, 3 and Fig. 2. A
significant variation of P (≤ 0.05) was found. The highest
concentration value recorded for arsenic at location 5 could
be a result of biological transformations taking place at this
location, since A3+ and A5+ are subject to series of biological transformations. The predominant natural occurrence
of arsenic recorded in this study is due to volcanic eruptions and biological activities. Contribution from volcanic
eruptions and biological activities is very small compared
to the anthropogenic inputs, such as agricultural chemicals,
or smelting of ores. Arsenic readily enters the atmosphere
easily because of its relative volatility (Arsenic emissions
inevitably yield relatively high residues during the rainy
season [25]). This is in agreement with the data collected
in this study. Arsenic concentration was prevalently higher
in winter than other seasons, and the Western Cape of
South Africa is a winter rainfall region.
Generally, a significant variation (P ≤0.05) was calculated
for the distribution of Cd across all locations. Seasonal
variation of Cd was such that it is more prevalent during
summer because of less dilution. The decreasing order of
concentration is summer > winter > spring. The concentration of Cd across locations ranged from 0.28 ± 0.23 to 12.74
± 16.11 µg/L-1. The highest concentration was recorded at
location 1 (inside the inner harbour) while the lowest
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value was recorded at location 8. A similar study was
conducted in the Port Elizabeth harbour in South Africa
by [21]. In this study, the concentration of Cd ranged from
0.0002-0.072 µg/L-1 which showed that Cape Town is more
polluted by Cd than the Port Elizabeth harbour. Moreover,
the significant high value recorded for location 1 could be a
result of discharges of sewage, industrial spoils, ship repair
and other activities in the harbour [4]. The major anthropogenic sources of Cd are atmospheric deposition from
smelting and refining of non-ferrous metals and domestic
waste. Cd is relatively mobile in aquatic systems. Its most
frequent chemical species are Cd2+, Cd(OH)3, Cd(OH)4,
CdCO3, and various organic and inorganic complexes.

A significant variation of P (≤ 0.05) was found for
lead across all locations. The highest concentrations were
found in location 2 (Duncan Dock 2) followed by Duncan
dock 3 (54.79 ± 1.58 µg/L-1). The lowest concentration of
5.18 ± 1.53 µg/L-1 was found in Ben Schoeman dock
(Table 3 and Fig. 3). In a similar study, lead was recorded
at concentrations ranging from 0.0006 to 0.0163 µg/L-1
(Port Elizabeth harbour) [21]. This shows that our finding
is still within the range. Significantly high concentration
levels of heavy metals were recorded in most of the locations. This could be the result of discharges from the Diep
River. The Diep River is a major freshwater ecosystem in
the Western Cape. It passes through various metal pollu-

TABLE 2 - Seasonal means of As, Cd and Hg concentrations in Cape Town Harbour.

As

Cd

Hg

Locations
Duncan Dock 1
Duncan Dock 2
Benshoeman Dock
Inside Sea 1
Inside Sea 2
Duncan Dock 3
Robinson Dry Dock1
Synchrolift
Entrance to Harbour
Control A
Control B
Robinson Dry Dock 2
Mean seasons
CV%
P≤0.05
Interaction P≤0.05
Duncan Dock 1
Duncan Dock 2
Benshoeman Dock
Inside Sea 1
Inside Sea 2
Duncan Dock 3
Robinson Dry Dock1
Synchrolift
Entrance to Harbour
Control A
Control B
Robinson Dry Dock2
Mean seasons
CV%
P≤0.05
Interaction P≤0.05
Duncan Dock 1
Duncan Dock 2
Benshoeman Dock
Inside Sea 1
Inside Sea 2
Duncan Dock 3
Robinson Dry Dock1
Synchrolift
Entrance to Harbour
Control A
Control B
Robinson Dry Dock 2
Mean seasons
CV%
P≤0.05
Interaction P≤0.05

Spring
2.33±0.18
1.16±0.12
1.60±0.09
1.90±0.20
2.13±0.26
2.59±0.05
2.20±0.13
2.36±0.09
2.41±0.17
2.07±0.22
2.27±0.14
2.13±0.07
2.10±0.40

Summer
2.03±0.15
2.69±0.23
2.25±0.09
3.01±0.24
1.94±0.10
1.24±0.04
2.27±0.29
1.21±0.19
1.85±0.24
2.45±0.08
2.91±0.09
1.86±0.11
2.15±0.58
28.880%
***
***
2.67±0.11
0.91±0.08
0.37±0.02
0.91±0.04
0.30±0.09
0.07±0.03
0.13±0.02
0.07±0.02
0.44±0.07
3.92±0.28
0.24±0.06
0.11±0.03
0.84±1.17
30.055%
***
***
0.82±1.01
0.53±0.41
0.61±0.01
0.59±0.51
0.26±0.30
0.43±0.30
1.07±0.42
0.10±0.02
0.18±0.07
0.06±0.01
0.06±0.01
0.06±0.01
0.40±0.45
25.60%
***
***

1.43±2.07
0.20±0.02
0.18±0.03
1.69±0.09
0.20±0.03
0.49±0.05
0.34±0.03
0.34±0.02
0.53±0.20
0.23±0.03
0.67±0.06
0.31±0.04
0.55±0.69

3.49±0.10
2.56±2.52
1.26±0.78
0.67±0.05
0.46±0.06
2.17±0.12
0.29±0.07
2.31±0.45
2.12±0.08
0.75±0.41
0.32±0.04
0.64±0.08
1.42±1.22
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Winter
8.15±1.23
4.92±1.19
1.91±0.62
7.98±4.00
4.58±1.67
5.44±0.62
5.31±0.35
4.32±0.40
2.57±0.12
4.67±1.75
6.10±1.35
4.33±0.47
5.02±2.18

Mean location
4.17±3.05
2.92±1.74
1.92±0.42
4.30±3.44
2.88±1.53
3.09±1.88
3.26±1.56
2.63±1.38
2.27±0.37
3.07±1.50
3.76±1.90
2.78±1.20
***

34.11±2.21
0.97±0.31
0.76±0.01
1.38±0.16
1.29±0.16
1.77±0.38
1.76±0.18
0.41±0.35
1.04±0.07
0.88±0.19
0.82±0.18
0.78±0.07
3.83±9.28

12.74±16.11
0.69±0.40
0.44±0.25
1.33±0.35
0.60±0.53
0.78±0.79
0.74±0.77
0.28±0.23
0.67±0.30
1.67±1.71
0.58±0.28
0.40±0.30
***

4.71±1.10
1.93±0.77
11.32±1.57
13.70±0.79
2.06±0.21
150.38±8.55
2.91±1.43
3.08±0.30
5.26±0.51
2.92±0.22
1.12±0.06
0.88±0.07
16.69±41.11

3.01±1.87
1.67±1.61
4.40±5.27
4.99±6.55
0.92±0.87
50.99±74.66
1.42±1.39
1.84±1.37
2.52±2.23
1.24±1.31
0.50±0.48
0.53±0.37
***
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TABLE 3 - Seasonal means of Pb and Sn concentrations in Cape Town Harbour (µg/L).
Metals
Pb µg/L

Sn µg/L

Locations
Duncan Dock 1
Duncan Dock 2
Benshoeman Dock
Inside Sea 1
Inside Sea 2
Duncan Dock 3
Robinson Dry Dock 1
Synchrolift
Entrance to Harbour
Control A
Control B
Robinson Dry Dock 2
Mean seasons
CV%
P≤0.05
Interaction P≤0.05
Duncan Dock 1
Duncan Dock 2
Benshoeman Dock
Inside Sea 1
Inside Sea 2
Duncan Dock 3
Robinson Dry Dock 1
Synchrolift
Entrance to Harbour
Control A
Control B
Robinson Dry Dock 2
Mean seasons
CV%
P≤0.05
Interaction P≤0.05

Seasons
Spring
12.45±5.10
4.26±0.96
3.85±0.29
21.70±2.93
0.46±0.06
11.51±0.89
12.06±4.41
8.02±2.47
13.35±3.53
12.96±2.23
19.93±1.45
9.80±0.32
11.21±5.92

Summer
5.59±0.77
61.47±5.56
6.30±1.67
15.53±1.47
0.26±0.30
1.54±0.56
5.51±2.22
1.62±0.30
8.24±0.83
5.47±0.67
3.69±0.58
1.27±0.38
10.11±16.22
36.282%
***
***
14.51±0.56
141.08±24.62
85.42±13.34
670.67±205.84
133.93±41.64
86.17±25.25
63.65±7.00
360.02±61.05
82.46±29.45
138.88±16.64
63.10±8.29
86.44±14.13
160.53±184.78
23.97
***
***

16.80±0.08
8.40±1.60
7.28±0.57
37.94±0.46
11.08±0.38
12.00±0.39
9.25±0.71
3730.96±50.97
14.07±4.08
12.14±0.89
8.41±0.30
9.23±0.23
323.13±1042.18

tion sites, such as agricultural land, landfill sites, and
sewage treatment plants, before it joins the harbour [7].
Wastewater treatment plants could be another source [4,
26, 27]. In Spain, Pb contamination in seawater was studied. The concentration values were 0.33 ± 0.05 - 2.05 ±
0.20 µg/L-1. Pb and Cd concentrations in seawater samples
were quite similar to the values recorded in different parts
of the world. In Turkey, the concentration levels of Pb and
Cd were found to be 0.0738 µg/L-1 and 0.00939 µg/L-1,
respectively [6].
The concentrations recorded for Hg varied significantly across all locations. A very high significant variation was
found between the seasons. The mean seasonal value was
16.69 ± 41.11 µg/L-1 for winter, 0.40 ± 0.45 µg/L-1 (summer) and 1.42 ± 1.22 µg/L-1 for spring (Table 2 and Fig.
2). The highest mean concentration value was recorded at
location 3 (50.99± 74.66 µg/L-1), followed by location 4
(open sea), 4.99 ± 6.55 µg/L-1 while the least level was
recorded at control site (location 11). The high value recorded in location 3 could be a result of industrial activities
taking place such as combustion of fossil fuels. This is the
major source of anthropogenic inputs of mercury emissions on a global scale. The high value recorded for Hg
during winter would be due to rainfall which transports
pollutants, by-products of waste incineration and smelting
of ores to the harbour. Concentration of tin varies significantly across all locations (P ≤0.05). A very high signifi-

Winter
16.58±2.58
4.95±1.12
5.39±1.37
22.19±23.14
8.05±0.94
54.79±1.58
25.47±3.70
4.75±0.33
17.97±1.07
7.70±0.74
7.12±1.31
4.87±0.31
14.99±15.21

Mean location
11.54±5.61
23.57±28.57
5.18±1.53
19.8±12.12
5.91±1.90
22.61±24.53
14.35±9.34
4.80±3.05
13.19±4.62
8.71±3.55
10.25±7.49
5.32±3.72
***

9.10±0.41
0.62±0.01
1.78±1.35
20.38±34.22
0.62±0.01
3.15±4.38
0.62±0.01
0.62±0.01
1.83±1.17
0.62±0.01
0.62±0.01
2.20±1.27
3.514±10.02

13.47±3.44
50.03±69.47
31.49±41.07
243.00±337.38
48.55±67.49
33.78±41.51
24.51±29.80
1363.87±1782.57
32.79±40.47
50.55±66.96
24.04±29.78
32.62±41.09
***

cant value (≤ 0.05) was found when the samples from different seasons were compared with each other as shown in
Table 3 and Fig. 2. Sn was mainly present in summer but in
winter and spring, concentration levels were relatively low.
The highest concentration was recorded at location 8, followed by location 5. The lowest value of 13.47± 3.44 µg L-1
was found in location 1 (Duncan dock). High value at location 8 may result from ship repair activities, painting and
other industrial activities taking place at Synchrolift.
Ships are being painted with antifouling paints (tributyltin),
and this might contribute to high concentration values of
Sn at this location.
EU-acceptable limits for Hg in seawater are 1.0 µg L-1.
According to WHO, EPA, TSE 266 guidelines for Pb in
seawater, the concentration values recorded in locations
1, 3, 5, 6, 9 and 10 were more than the permissible value
(10 µg L-1) as shown in Table 4. According to EEC and
ANZECC guidelines, the values recorded for Cd across all
locations were within the permissible limit for aquatic life.
With reference to EU directive for Cd limits in water, Cd
concentration levels in all other locations were found within
the limit range, except in location 1 (12.74 ± 16.11 µg L-1)
which was more than 5 µg L-1 above the permissible limit.
The seasonal results for metals investigated were also compared with other results obtained in a related study carried
out in South Africa, and other parts of the world as represented in Table 4.
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FIGURE 2 - Box and whisker plot for the annual spread of metal concentrations in Cape Town harbour water.

TABLE 4 - Guidelines for metals in seawater.
Metals
As
Pb
Cd
Hg
Sn

EU (µg L-1)
10
10
5
1
-

EPA(µg L-1)

WHO (µg L-1)

TSE 266 (µg L-1)

10
10

10
10

10
10

-

-

-

TABLE 5 - Worldwide comparison of data of heavy metals in seawater (µg L-1).
Locations
Cape Town Harbour
Port Elizabeth Harbour
Kepez Harbour, Turkey
Seawater, Galicia NW Spain

Year
2012
2001
2011
2003

Cd
0.28 – 12.74
0.0002 – 0.072
0.0738
0.01-0.05

Pb
4.80 – 23.57
0.0006 – 0.0163
0.00939
0.17-2.05

Standard two-dimensional PCA for five heavy metals
(Cd, Sn, Hg, As and Pb) measured at the 12 locations in
Cape Town harbour water (Fig. 3) are plotted. The distributions of Pb, Sn and Hg components are highly concentrated in Robinson dry dock, Synchrolift, Ben Schoeman

As
2.27- 4.30
-

Sn
13.47 – 1363.87
-

Hg
0.50- 50.99
-

References
Current study
[21]
[4]
[6]

dry dock, and the harbour entrance. This indicates that
they were from anthropogenic sources. PCA was also used
to show seasonal variation in the concentration of heavy
metals in all locations as shown in Fig. 4. Primer-version 6
software was used to plot the cluster analysis graph and
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PCA (Figs. 4 and 6). The results obtained with the MSD
plot (Fig. 5) confirmed that the seasonal effect is greater
than the location effects as shown on the cluster analysis

graph. The metals that are grouped together on the same
axis indicate that these metals were of similar origin in the
samples.

FIGURE 3 - PCA showing annual seasonal distributions of heavy metals across locations in Cape Town harbour.
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FIGURE 4 - PCA showing annual seasonal distributions of heavy metals in Cape Town harbour water.
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FIGURE 5 - MSD plots showing the distribution of heavy metals across seasons.
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FIGURE 6 - Cluster analysis graph showing heavy metals distribution across locations in seawater from Cape Town harbour.
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TABLE 6 - Seasonal and annual mean (±SD) values of pH in seawater of Cape Town harbour.
Item
Locations
Duncan Dock 1
Duncan Dock 2
Benshoeman Dock
Inside Sea 1
Inside Sea 2
Duncan Dock 3
Robinson Dry Dock 1
Synchrolift
Entrance to Harbour
Control A
Control B
Robinson Dry Dock 2
Mean seasons
CV5
P≤0.05

pH

Seasons
Spring
8.40±0.01
8.10±0.01
8.30±0.01
8.40±0.01
8.00±0.01
8.20±0.01
8.20±0.01
8.20±0.01
8.30±0.00
8.40±0.01
8.15±0.02
8.20±0.01
8.19±0.22
2.007%

Summer
7.8±0.14
7.75±0.35
7.80±0.01
7.00±0.01
7.10±0.10
7.50±0.10
7.9±0.42
8.1±0.01
8.55±0.35
8.15±0.35
0.31± 0.10
8.00±0.01
7.79±0.46

Seawater quality depends on the anthropogenic discharges as well as the natural physico–chemical features
of the environment [19]. Cape Town harbour was chosen
for this study because it is the busiest harbour used for
shipping activities in Africa. The results of seasonal variation of some physico–chemical parameters of water samples from Cape Town harbour have been summarised in
Tables 6, 7 and 8, respectively.
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7.96±0.34
7.91±0.24
7.91±0.30
7.78±0.63
7.70±0.47
7.51±0.61
7.90±0.25
8.03±0.21
8.27±0.29
8.20±0.22
7.81±0.24
7.97±0.21

****

3.1 Effects of the influence of physico-chemical parameters
and their seasonal variations

Spring

Winter
7.71±0.01
7.88±0.19
7.64±0.10
7.94±0.01
8.02±0.01
6.84±0.28
7.87±0.02
7.82±0.03
7.98±0.02
8.05±0.01
8.96±0.17
7.72±0.01
7.79±0.33

Winter

Quarters
FIGURE 7 - Seasonal variation of pH in seawater from Cape Town
harbour.

The annual mean pH data of seawater range between
7.51 to 8.27. The results indicate that the seawater is alkaline. No significant variation was observed for winter and
summer. High values were recorded during spring (Table 6,
Fig. 7). The target water quality range (TWQR) for pH in
seawater varies from 6–9. This study reveals that maximum
and minimum pH values lie in the range 6-9, which indi-

cates that water from Cape Town harbour is of high quality. The pH of a water body is an important parameter since
it can affect the toxicity of metals as well as their solubility [21].
3.2 Effects of Total Dissolved Solids (TDS)

The TDS concentration in a water-body is affected by
many different factors. High concentration of dissolved
ions is not an indication that seawater is contaminated or
unhealthy. Certainly, it is normal for flowing seawater to
dissolve and accumulate fairly high concentrations of ions
from the minerals in over-flowed rocks and soils [28].
The TDS distribution varies with location. The concentration ranges between 12.91 and 25.34 ppt. High concentration values were recorded at location 4. Anthropogenic
sources of ions may be the cause of elevated TDS at this
location. Seasonal variations of TDS were also investigated and significantly different (p ≤0.05) between seasons.
The annual mean values recorded for spring, summer and
winter were 21.3, 1.51, and 22.27 ppt, respectively, as
shown in Table 7 and Fig. 8. Highest mean concentration
value was observed during winter periods. The order of
increase in TDS concentrations is winter > spring > summer. Organic matter from wastewater treatment plants may
also contribute higher levels of nitrate or phosphate ions [7,
29]. Among other factors, irrigation water that enters the
sea from the river mouth, often has higher concentrations
of sodium or chloride ions. Dissolved gases like CO2, NO2
in acidic rainwater could also yield elevated H+ ion levels.
High levels of TDS affect aquatic life, and other dissolved
ions affect the pH of a water body which, in turn, may
influence the health of aquatic species [29, 30].
3.3 Effects of influence of conductivity

Electrical conductance of water is a measure of its
ability to carry electric current as a result of dissolved
salts in the water. The annual mean electrical conductivity
recorded in this study ranged between 7.97–33.54 µg/L as
shown in Table 8 and Fig. 9. A higher conductivity value
of 33.54 µg/L was recorded at location 3. This could be
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the result from industrial activities like ship repair, blasting, pollutants and seawater influx at high tides etc. [11,
31]. Low conductivity values were recorded at location 12
(Robinson dry-dock 2), presumably be due to dilution
effects of the rainwater on the sea during the rainy season.
High significant variation (p ≤0.05) was observed between
the seasons. The order of decreasing conductivities is
spring > winter > summer.

3.4 Effects of temperature

Annual temperature distribution is represented on dot
plot in Fig. 10. Water temperature during the study period
ranged between 11.83 to 14.50 °C. High significant variation of (p≤ 0.05) was observed for the seasons. Highest
mean value of (14.92 °C) was recorded during summer
and the least value (10.38 °C) in winter (Table 8). High
values recorded in summer can be attributed to climatic

TABLE 7 - Seasonal and annual mean (±SD) concentrations of TDS in seawater of Cape Town harbour.

TDS (ppt)

Duncan Dock 1
Duncan Dock 2
Benshoeman Dock
Inside Sea 1
Inside Sea 2
Duncan Dock 3
Robinson Dry-dock 1
Synchrolift
Entrance to Harbour
Control A
Control B
Robinson Dry Dock 2
Mean seasons
CV
P≤0.05
Interaction P≤0.05

Seasons
Spring
24.03±0.09
24.60±0.04
24.51±0.53
24.40±0.36
24.75±0.83
19.03±0.09
19.07±0.08
19.01±0.05
19.14±0.07
19.12±0.02
19.09±0.01
19.02±0.01
21.33±2.72
3.67%
***
***

Summer
2.35±0.01
2.34±0.01
2.32±0.01
3.41±1.51
2.31±0.04
1.24±1.52
2.29±0.02
0.19±0.06
1.25±1.53
0.05±0.01
0.06±0.01
0.15±0.01
1.51±1.24

Winter
19.30±0.05
19.55± 0.01
24.02±0.19
48.22±0.82
19.43±0.01
19.26±0.02
19.31±0.01
19.38±0.12
19.52±0.11
19.43±0.01
19.48±0.06
20.37±1.45
22.27±8.10

Mean locations
15.23±10.20
15.5±10.44
16.95±11.33
25.34±20.07
15.50±10.49
13.18±9.27
13.56±8.73
12.86±9.81
13.31±9.36
12.9±9.88
12.911±9.88
13.24±10.17
***

TABLE 8 - Seasonal and annual mean concentrations of conductivity and temperature in seawater of Cape Town harbour.

Conductivity
(µcm-1)

Temperature ( oC)

Locations
Duncan Dock 1

Spring
47.99±0.21

Summer
4.80±0.01

Winter
38.55±0.14

Mean location
30.44±20.30

Duncan Dock 2
Benshoeman Dock
Inside Sea 1
Inside Sea 2
Duncan Dock 3
Robinson Dry Dock
Synchrolift
Entrance to Harbour
Control A
Control B
Robinson Dry Dock 2
Mean seasons
CV5
P≤0.05
Interaction P≤0.05
Duncan Dock 1
Duncan Dock 2
Benshoeman Dock
Inside Sea 1
Inside Sea 2
Duncan Dock 3
Robinson Dry Dock 1
Synchrolift
Entrance to Harbour
Control A
Control B
Robinson Dry Dock 2
Mean seasons
CV5
P≤0.05
Interaction P≤0.05

49.00±0.26
49.06±1.11
48.71±0.60
49.67±1.35
38.01±0.08
38.16±0.12
38.04±0.09
33.27±7.02
38.23±0.02
38.15±0.02
38.41±0.01
42.25±6.13
7.142%
***
***
13±0.01
12±0.01
12±0.01
14±0.01
13±0.01
13±0.01
16.5±0.71
13±0.01
12±0.01
13±0.01
14±0.01
13±0.01
12.91±0.65
4.033%
***
***

4.69±0.01
4.64±0.04
3.84±1.73
4.60±0.09
2.46±3.01
4.58±0.03
0.31±0.01
2.49±3.08
0.30±0.01
0.31±0.01
0.29±0.01
2.75±2.16

39.13±0.01
46.91±0.33
47.77±0.01
32.34±8.54
38.15±0.70
38.64±0.02
39.01±0.01
38.90±0.01
38.99±0.17
38.96±0.16
48.12±0.91
40.46±4.93

31.02±20.89
33.54±22.41
33.32±23.12
28.87±`20.69
26.21±18.44
27.13±17.46
25.79±19.73
24.88±17.86
25.84±19.78
13.16±1.96
7.97±0.21

18±0.01
16.50±0.71
14±0.01
11.5±0.71
12±0.01
14±0.01
9.50±0.71
16±0.01
16.5±0.71
15±0.01
15±0.01
14±0.01
14.92±1.91

12.50±0.71
8.50±0.71
9.5±0.71
10.50±0.71
10.50±0.71
10.5±0.71
9.5±0.71
9.5±0.71
10.50±0.71
11.50±0.71
11±1.41
10.5±0.71
10.38±1.17

***
14.5±2.70
12.33±3.61
11.83±2.04
12±1.17
11.83±1.17
12.5±1.64
13±3.16
12.83±2.93
13±2.83
13.16±1.60
13.33±1.97
12.5±1.64
***
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conditions of the Western Cape which are characterized
generally by higher temperature during summer seasons.
According to South African water quality guidelines for
aquatic ecosystems, large, rapid shifts in temperature are
lethal to aquatic organisms [32]. Other suspected factors
for the high temperatures recorded in summer are heat
transfer between seawater and land surface due to the
release of industrial effluents into the sea [33].
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FIGURE 8 - Seasonal variation of TDS in seawater from Cape
Town harbour.
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One year monitoring study of pollution of priority
heavy metals As, Cd, Hg, Pb and Sn in seawater from Cape
Town harbour has been undertaken with the aid of ICP-MS
technique. The concentrations of heavy metals were found
to be high. These could be attributed to anthropogenic
activities, such as industrial activities, storm water inflows, and discharge of wastewater treatment plant from
the urban/ industrial area around the harbour. In addition,
harbour activities, such as striping and ship painting, could
also contribute to metal pollution of the harbour. A higher
conductivity value (33.54 µg/L) recorded at a particular
location in the harbour, might have resulted from anthropogenic sources and seawater influx at high tides taking
place at this location. It is, therefore, suggested that biomarkers or risk assessment software should be further
used to evaluate both the risk and toxic effects of these
contaminants to aquatic life.
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ABSTRACT
The present work involves an investigation of various
Aspergillus niger wild type strains, originating from different environment sources, for removal of some heavy
metals from an acid mine drainage (AMD) at the Smolník
locality (Slovakia), a former mine region where Fe, Cu, Ag
and Au were mined. The AMD poses a serious environmental problem with a negative impact on the surrounding aqueous environment. Heavy metals such as copper,
manganese and zinc, were selected from the elements in
order to study accumulation properties of the strains isolated
from different environments (from weak alkaline pH = 7.7 to
ultra acid pH = 3.0 ones). Metal concentrations in live biomass were determined by flame atomic absorption spectrometry. According to the results, bioaccumulation from
the AMD was in the order Cu (19 - 31%) > Zn (10 - 18%)
> Mn (5 - 7%). The results indicated removal of substantial amounts of some heavy metals by some of the strains.
Changes of pH in the process of heavy metal bioaccumulation were evaluated.
KEYWORDS: Aspergillus niger, bioaccumulation of heavy metals, acid mine drainage (AMD)

1. INTRODUCTION
Methods for removing metal ions from aqueous solutions mainly consist of physical and chemical technologies [1-4]. Attractive alternative techniques to physicochemical methods utilize certain natural materials of biological origin, including bacteria, fungi, yeast, algae, etc.
which are able to bind heavy metals in aqueous solutions
[1, 5, 6]. It has been well-documented that various types
of microscopic fungi were used to decrease concentrations of heavy metal ions in waters [7-14].
* Corresponding author

There is a lack of clarity in knowledge bearing foundational evidences on the potential role of fungi in acid
mine drainage (AMD) remediation. Fungi are reported to
reduce metal concentration and, to a lesser extent, acidity
in AMD. The ecological role of fungi in acid mine drainage or affected streams and lakes are not adequately studied. Fungi can absorb metals in their cell wall, or adsorb in
extracellular polysaccharide slime. This capacity enables
them to grow in the presence of high amounts of heavy
metals [7]. Fungi can also neutralize by excreting basic
substances [15]. The AMD poses a serious environmental
problem with a negative impact on the surrounding aqueous environment and stream sediments in terms of increased acidity, decreased oxygen and heavy metal release [16].
The aim of this work was to evaluate bioaccumulation
of heavy metals, such as Cu, Mn and Zn, by Aspergillus
niger wild type strains from an acid mine drainage (AMD)
at the Smolník locality in Slovakia. A valley of the
Smolník creek is a historical mine region where Fe, Cu,
Ag and Au were mined since the 14th century till 1990.
Surface waters penetrating through the mine region are
enriched by metals (Cu, Zn, Mn, Mg, Ca, Al). Their composition is strongly affected by weathering of sulphides.
The evolution of sulphuric acid rain leads to leaching of
copper and other elements from ores. In all experiments, four wild strains of this species were used and
their ability for bioaccumulation of Cu, Mn and Zn was
compared.
2. MATERIALS AND METHODS
2.1. Microscopic fungi

The Aspergillus niger Tiegh. species is one of the filamentous fungi that are commonly found in various components of the environment. In all experiments, four wild
strains of this species originating from different environments were used. The An-G strain was isolated from eutric
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fluvisol in an uncontaminated area near Gabčíkovo, the
An-P strain was isolated from the stream sediment of the
Blatina river running from former antimony mines near
Pezinok, the An-N strain was isolated from the coal dust
in the Nováky mining region, and the An-Š strain was
isolated from the contaminated and eroded dystric cambisol at the Šobov locality. The strains under study are deponed in the Collection of Microscopic Fungi (CMF) of
the Institute of Soil Biology Academic Sciences of Czech
republic in České Budějovice, and at the Department of
Soil Science, Faculty of Natural Sciences, Comenius
University in Bratislava [12]. Characteristics of the studied localities and Aspergillus niger (A. niger) wild type
strains are described in detail in Table 1.
TABLE 1 - Characteristics of the studied localities and A. niger wild
type strains.
Strain
An-G
An- P
An- N

Locality/source
Gabčíkovo
uncontaminated
Eutric Fluvisol
Pezinok - stream sediment; As 636
mg kg-1; Sb 93 mg kg-1
Nováky - coal dust; As 400 mg kg1

Šobov contaminated and eroded
Dystric Cambisol
CMF = Collection of Microscopic Fungi
An- Š

pH
H2O/KCl

Number in
CMF

7.7/7.4

1670

5.3/4.8

1671

3.3/2.9

1669

3.0/2.7

1674

2.3. Mycelia decomposition

Mycelia after metal accumulation were decomposed
using the microwave oven MARS XpressTM (CEM Corp.,
Matthews, NC, U.S.A). About 5 ml of deionised water, 5 ml
of the concentrated HNO3 (Merck, Darmstadt, Germany)
and 1.5 ml of H 2O 2 (Slavus, Bratislava, Slovakia) were
added to dried mycelia (about 0.5 g). A decomposition temperature was 140 °C, ramp time was 13 min and hold time
was 10 min. Subsequently, Teflon vessels were cooled down
and digested mycelia were quantitatively transferred into
25-ml glass volumetric flasks which were filled with deionised water. Blank samples were prepared under the same
conditions as samples, using deionised water without any
heavy metal addition for preparing of the nutrient solution.
2.4. Instrumentation

A Perkin-Elmer flame atomic absorption spectrometer 1100 B (Perkin-Elmer, Norwalk, CT, USA) with airacetylene flame (acetylene flow-rate of 2.5 L.min-1 and air
flow-rate of 8.0 L.min-1) was used for heavy metal determinations. All pH measurements were carried out with a
Laboratory Digital pH-meter OP-211/1 (Radelkis, Budapest, Hungary). A PRO-PS Labconco system (Labconco,
Kansas City, Kansas, MO, USA) was used to prepare highpurity deionized water. The experiments were performed in
3 repetitions, and the mean values ± standard deviations
were used in data analysis.

2.2. Biomass preparation

All A. niger strains were inoculated in amounts of 5 ml
conidia added to 45 ml of nutrient medium according to
Sabouraud. The nutrient stock solution was prepared by
dissolving 40 g of glucose and 10 g of peptone in 1000 ml
of deionised water. Mycelia of all strains were cultivated
in the solutions from 18 to 42 days under laboratory conditions. The tested strains were inoculated into a real sample - the AMD at the locality of Smolník. In the AMD, average original concentrations of Cu 0.79±0.07 mg.L-1, Mn
22.8±0.5 mg.L-1 and Zn 6.1±0.3 mg.L-1 were determined.
The cultivation took place for 18 days. Then, the sporulating fungal mycelia were taken out, rinsed with deionised
water and dried at a temperature of 40 °C.

3. RESULTS AND DISCUSSION
Accumulation of different heavy metals by A. niger
wild type strains has been observed to varying extents [11,
14, 16-19]. In this article, various A. niger wild type strains
were used for removal of Cu, Mn and Zn from the natural
AMD at the Smolník locality. The results are given in
Table 2.

TABLE 2 - Bioaccumulation of the metals from the AMD (Smolník) by the Aspergilus niger wild type strains.

Strain

An G

An P

An N
An Š

Heavy
metal
Cu
Mn
Zn
Cu
Mn
Zn
Cu
Mn
Zn
Cu
Mn

Original
concentration
mg,L-1
0,79±0.07
22.8±0.48
6.61±0.31
0.79±0.07
22.8±0.48
6.61±0.31
0.79±0.07
22.8±0.48
6.61±0.31
0.79±0.07
22.8±0.48

Concentration in mycelium (cM)
mg.L-1
%
0,24±0.05
31
1.50±0.13
7
1.12±0.06
17
0.20±0.05
25
1.38±0.09
6
1.16±0.09
18
0.20±0.03
26
1.21±0.13
5
0.69±0.09
10
0.15±0.04
19
1.18±0.10
5

2873

Concentration in solution (cS)
mgLl-1
%
0.57±0.02
72
21.1±0.30
93
5.56±0.13
84
0.54±0.03
69
21.2±0.06
93
5.49±0.06
83
0.55±0.07
70
21.5±0.19
94
5.98±0.07
90
0.61±0.03
77
21.7±0.34
95

CM + CS
mg.L-1

Recovery
%

0.82±0.07
22.6±0.37
6.68±0.09
0.74±0.04
22.6±0.11
6.65±0.08
0.77±0.03
22.7±0.07
6.67±0.03
0.76±0.04
22.8±0.25

103
100
101
94
99
101
96
99
100
96
100
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0.89±0.07

14
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5.79±0.10

87

6.68±0.10

101
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Bioaccumulation of Cu, Zn and Mn by the An-G
strain, which represents uncontaminated Eutric Fluvisol,
from the natural AMD was relatively low - 31, 17 and only
7 % of the original concentrations, respectively. Recoveries ranged between 100 and 103%. Bioaccumulation of
Cu, Zn and Mn by the An-P strain, isolated from the
stream sediment, from the natural AMD was low - 25, 18
and only 6% of their original concentrations, respectively.
Recoveries ranged between 94 and 101%. Bioaccumulation of Cu, Zn and Mn by the An-N strain, isolated from
the coal dust, from the natural AMD was also low - 26, 10
and only 5% of their original concentrations, respectively.
Recoveries ranged between 96 and 100%. Bioaccumulation of Cu, Zn and Mn by the An-Š strain, isolated from the
contaminated and eroded Dystric Cambisol, from the natural AMD was again low - 19, 14 and 5% of their original
concentrations, respectively. Recoveries ranged between
96 and 101%.
In the natural AMD, at the Smolník locality, maximum Cu removal was found to be around 31% (An-G),
whereas maximum Mn removal was found to be only
around 7% (An-G) and that of Zn 18% (An-P). Cu bioaccumulation ranged between 19-31% of its original concentration. Mn bioaccumulation was very low, between 57% of its original concentration. Zn bioaccumulation ranged

FIGURE 1 - The comparison of (

) Cu, (

) Mn and (

from 10-18% of its original concentration. The comparison of bioaccumulation of the studied metals by the
strains of A. niger in natural AMD water is illustrated in
Fig. 1.
The cosmopolitan widespread fungus A. niger belongs
to the acidophilic and acid-tolerant fungi which are able to
grow at pH values of 2.3-6.7 [20]. The initial and final
solution pH values were also measured. The A. niger species as secondary metabolites produce many organic acids,
such as citric, oxalic, fumaric and other acids which influence pH of the solutions. The pH values changed in the
process of heavy metal bioaccumulation and can be seen
from Table 3.
In the case of the control, An-G strain originating from
the weak alkaline uncontaminated environment (Table 1),
the final solution pH values are shifted to more acid values
with exceptions of the blank-nutrient sample, where probably the pH was influenced by the strain originating from
the uncontaminated area with pH 7.7/7.4. The final solution pH values for the An-P, An-N and An-Š strains are
mostly shifted to ultra-acid values. The biggest pH changes
have been observed in the blank samples (mycelia were
growing only in the nutrient medium without any heavy
metal addition).

) Zn bioaccumulation by the strains of Aspergillus niger from natural AMD water.

TABLE 3 - Changes of pH in the process of bioaccumulation of Cu, Mn and Zn by the strains of Aspergillus niger in nutrient medium and
natural AMD water.
pH
nutrient medium
AMD water

An - G
initial
5.1
3.4

final
7.2±0.1
2.5±0.2

An - P
initial
5.1
3.5

final
2.8±0.2
2.5±0.2
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An - N
initial
5.1
3.5

final
1.9±0.2
2.2±0.1

An - Š
initial
5.1
3.4

final
3.1±0.1
1.8±0.1
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4. CONCLUSIONS
Microscopic fungi that are found in different environments are able to remove heavy metals from natural waters.
The best heavy metal accumulation from the natural AMD
at the locality of Smolník has been observed for Cu (1931%), followed by Zn (10 - 18%) and the least value for
Mn (5-7%). Comparison of the A. niger wild type strains
has shown that from the point of the ability for bioaccumulation of Cu, Mn and Zn from the natural AMD, the An-P
strain, isolated from the stream sediment of the Blatina river
running from former antimony mines near Pezinok, and
An-G strain, isolated from Eutric Fluvisol in an uncontaminated area near Gabčíkovo, are the best ones, followed by
the An-N strain, isolated from the coal dust in the Nováky
mining region and An-Š strain, isolated from the contaminated and eroded Dystric Cambisol at the Šobov locality.
This indicated the potential of these fungi as biosorbents
for removal of heavy metals from water environment,
wastewater and industrial waters, containing higher concentrations of heavy metals. The experiments in this study
have confirmed that usage of the wild strains of A. niger for
Cu, Mn and Zn removal from an acid mine drainage water
environment could be a strategy for its remediation.
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IN VITRO EFFECTS OF PHARMACEUTICALS ON
HEPATOCYTES FROM THE CRUCIAN CARP, Carassius auratus
Qiuxia Ye, Guanghua Lu*, Zhenhua Yan and Jianchao Liu
Key Laboratory of Integrated Regulation and Resources Development of Shallow Lakes of
Ministry of Education, College of Environment, Hohai University, Nanjing 210098, PR China

ABSTRACT
Pharmaceutical compounds are emerging environmental
pollutants that enter aquatic ecosystems. Despite this, only
a few studies have been performed to evaluate their potential biological effects on non-target organisms. The aim of
this study was to investigate the cytotoxicity and biochemical effects of three pharmaceuticals (sulfamethoxazole,
norfloxacin and caffeine) alone as well as their mixtures
on the primary hepatocyte culture of crucian carp
(Carassius auratus) after exposure for 24 h. The cell
viability exhibited a concentration-dependent decrease in
all treatments, suggesting that pharmaceuticals induced
hepatic cytotoxicity. The activities of lactate dehydrogenase
(LDH), 7-ethoxyresorufin O-deethylase (EROD), superoxide dismutase (SOD) and catalase (CAT) were significantly
increased by the individual and mixed pharmaceuticals.
LDH level increased in a linear concentration dependent
manner in all treatments with the exception of norfloxacin.
EROD and SOD exhibited bell-shaped concentrationresponse curves. However, the concentration dependence of CAT was not apparent. LDH, EROD and SOD
seem to be useful biomarkers to assess pharmaceutical
effects.

KEYWORDS:
Pharmaceutical, hepatocyte, cytotoxicity, biomarker

1 INTRODUCTION
Pharmaceuticals and personal care products (PPCPs)
are an emerging class of chemical contaminants that originate from the use and excretion of human and veterinary
medicine and cosmetic care products. They can be released
into the aquatic environment via different routes, including
municipal sewage, aquaculture and livestock treatment and
manufacturing sites [1]. The emergence of antimicrobial
resistance to PPCPs has recently raised worldwide concern
over the threat to the environment and human health [2,3].

* Corresponding author

Although the concentrations are generally low (ng/L-µg/L)
in the aquatic environment, widespread use in daily life combined with improper disposal at sewage treatment plants
has led to an increase in the number of PPCPs detected in
the natural environment [4-6].
Sulfamethoxazole, a bacteriostatic antibiotic of sulfonamide, has been extensively used for diverse types of
illnesses [7]. Its presence has been observed in 12.5%
of 105 surface water samples, with a maximum concentration of 1.9 µg/L, in the United States [5]. In Taiwan,
sulfamethoxazole was detected in 96% of surface water
samples at concentrations up to 5.82 µg/L [8].
As one of the typical fluoroquinolones, norfloxacin is
currently utilized in medical treatments, farming and aquaculture because of its broad spectrum of activity against
gram-positive and gram-negative bacteria [9]. Norfloxacin
was detected in 28% of Costa Rican surface water samples, with a maximum concentration of 1.74 µg/L [10].
Eguchi et al. [11] reported that the median effective concentration and no observable effect concentration of
norfloxacin, for Chlorella vulgaris, were 10.4 mg/L and
4.1 mg/L, respectively.
Caffeine is one of the most consumed drugs and is present in many beverages. Increasing self-medication, plus
tea and coffee over-consumption, may create environmental
problems through caffeine contamination [12]. In South
Korea, caffeine was detected in all eight surface water samples with a mean concentration of 105 ng/L [13]. In Costa
Rica, caffeine was detected in 29% of surface water samples and the average concentration was 21 ng/L [10].
Although PPCPs have frequently been detected in the
aquatic environment, information is still lacking on their
biochemical effects in aquatic organisms, especially for
multicomponent mixtures. Recent in vivo studies have
demonstrated that pharmaceuticals can elicit negative responses. Kim et al. [14] reported that diltiazem was the
most toxic of the tested pharmaceuticals, with a median
lethal concentration (LC50) of 8.2 mg/L for Daphnia magna
and the LC 50 values of carbamazepine and diltiazem
for medaka fish (Oryzias latipes) were 15.0 mg/L and
35.4 mg/L, respectively. The results from Nassef et al. [15]
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demonstrated that the feeding performance of Japanese
medaka fish was affected after exposure to 6.15 mg/L of
carbamazepine, 1.0 mg/L of iclofenac and 0.17 mg/L of
triclosan [15]. It was reported that exposure to carbamazepine led to the induction of heme oxidase activity and
lipid peroxidation in Hydra attenuate, whilst there was no
significant change in 7-ethoxyresorufin O-deethylase
(EROD) activity [16]. In vitro toxicity tests with fish
cells have the advantage of reducing the use of test organisms, allowing the testing of a wide range of chemicals and concentrations [17]. In addition, results obtained
from in vitro assays are strongly correlated with that of in
vivo assays [18, 19].
The aim of the present study was to investigate the effects of sulfamethoxazole, norfloxacin, caffeine - both alone
and as mixture - in primary culture of hepatocytes of crucian
carp (Carassius auratus). The concentration-response relationships were studied to evaluate their integrative effects
on fish.
2 MATERIALS AND METHODS
2.1 Chemicals

Sulfamethoxazole, norfloxacin and caffeine were
purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan) and the stated purities were >98%. Trypsin, trypsin-EDTA, DMEM/F12 medium, penicillinstreptomycin (10000 units/mL penicillin, 10 mg/mL streptomycin), fetal bovine serum, hank’s balanced salt solution
(HBSS) and trypan blue stain were obtained from Gibco
(Carlsbad, CA, USA). β-Nicotinamide adenine dinucleotide
2’-phosphate reduced tetrasodium salt (NADPH), ethoxyresorufin (ERF) and 1,2,3-benzenetriol were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Ethyl 3-amino
benzoate methane-sulfonate (MS-222) was purchased from
J&K Scientific (Shanghai, China). All other chemicals
were of analytical grade and were obtained from Shanghai
Chemical Reagent Co., Ltd. (Shanghai, China).
2.2 Hepatocyte isolation

Crucian carps weighing 500-600 g were purchased
from Nanjing Institute of Fishery Science. Fish were
acclimatized for two weeks prior to the experiment with
aerated and dechlorinated tap water at 20°C. Hepatocytes
were isolated according to the methods of Seglen et al.
[20], with modifications. In brief, the fish were anaesthetized with 0.1% MS-222 and killed after sterilization by
alcohol. Liver was removed immediately and rinsed several times with a calcium- and magnesium-free HBSS
(0.40 g/L KCl, 0.06 g/L KH2PO4, 8.00 g/L NaCl, 0.35 g/L
NaHCO3, 0.048 g/L Na2HPO4, 1.00 g/L D- glucose and
0.01 g/L phenol red). After removal of the buffer solution
the liver tissues were minced into 1-mm3 pieces and transferred to a 50-mL conical flask. A solution of 0.25% trypsin
was then added (1:20 w/v). The mixture was trypsinized on a
reciprocating shaker bath at 28°C for 30 min to obtain the
cell suspension, which was then filtered through a 100-

mesh sieve. Fetal bovine serum was then added immediately into the cell suspension to terminate the trypsin
digestion. The cell suspension was centrifuged at 700×g
for 10 min and the supernatant was removed. The hepatic
cell pellet was washed with DMEM/F12 culture medium
several times. After washing, the cells were resuspended
in culture medium containing 1% penicillin-streptomycin
and 15% fetal bovine serum. The cell viability was assessed
using the trypan blue exclusion test. Cells with viability
greater than 90% were used in the experiment. Livers
collected from three fish were pooled to alleviate interindividual variability.
2.3 Cell culture and chemical exposure

Freshly isolated hepatocytes were seeded in 24/96well plates (Costar, USA) at a density of 1×106 cells per
milliliter. Initial incubation was in a HERAcell 150i (Thermo
Scientific, Waltham, MA, USA) at 27°C in 5% carbon dioxide (CO2) for 72 h to allow hepatocytes to adhere to the
wells and form a monolayer before exposure to chemicals
based on the method of Kuiper et al. [21]. During the incubation period, the culture medium was removed and replaced with fresh culture medium twice. To prevent the
cells from being dislodged during the medium changes
only 50% of the culture medium was removed and replaced
by fresh medium. Cultured hepatocytes were then used in
the series of experiments following earlier report [21].
Sulfamethoxazole and norfloxacin were dissolved in
1 mL of 0.1 M NaOH and diluted with the culture medium,
to a final concentration of 10 mg/mL. Caffeine was dissolved directly into culture medium, to give a 10 mg/mL
stock solution. Test solutions were prepared by dilution of
stock solutions in culture medium. The final solvent concentration in the culture medium did not exceed 0.02%
and the pH was maintained at 7.5. The primary hepatocytes were exposed to six concentrations of each pharmaceutical: 0.64, 3.2, 16, 80, 400 and 2000 µg/L, after preincubation for 72 h. Concentrations were calculated by
taking into account the maximal levels of sulfamethoxazole, norfloxacin and caffeine detected in the aquatic
environment and their biological effects, reported earlier
[8-10, 13, 22]. Incubation with the pharmaceutical was
continued for 24 h in a humidified incubator with 5% CO2
at 27°C. Binary (SMX/NOF, SMX/CF and NOF/CF) and
ternary (SMX/NOF/CF) mixtures were also tested using
equal concentration of each pharmaceutical. The total concentrations used were 0.64, 3.2, 16, 80, 400 and 2000 µg/L.
Culture medium control and solvent control were included
in the experimental design. All experiments were carried
out simultaneously, with three replicates of each treatment.
2.4 Cell viability assay

To determine the cell viability, the Cell Counting Kit-8
(CCK-8; Dojindo Laboratories, Japan) was used. Briefly,
after exposure to different concentrations of pharmaceuticals for 24 h, 20 µL of CCK-8 solution was added to each
well and incubated for 4 h at 27°C. The absorbance was
then measured at 450 nm as an indicator of cell viability.
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Cell viability was expressed as a percentage of the corresponding control value.
2.5 Cytotoxicity assay

After 24 h exposure to different pharmaceuticals, the
supernatants in the 24-well plates were transferred into
96-well plates for measurement of lactate dehydrogenase
(LDH) activity. The activity of hepatocyte LDH released
into the cell medium was measured by a diagnostic kit
(Jiancheng Bioengineering Institute, Nanjing, China). In
brief, 5 µL NADH and 25 µL Matrix buffer were added
into the supernatants and incubated at 37°C for 15 min.
The samples were then incubated with the coloring reagent for 15 min. The reaction was stopped by adding
250 µL NaOH (0.4 mol/L) and the absorption was measured at 450 nm. LDH activity was expressed in U/L. One
U was defined as the amount of enzyme required to produce
1 µmol of pyruvate in the reaction solution, after 1000 mL of
sample were incubated with the substrate for 15 min.
2.6 Enzyme assays

After 24 h of exposure, the culture medium was removed from the 24-well plates and 50 µL of 0.25% trypsin-EDTA was added to each well. After two minutes of
gentle shaking, the trypsin digestion was terminated by
adding fetal bovine serum. The plates were then centrifuged for 10 min at 700×g. The supernatant was removed
and the hepatic cell pellet was resuspended in the Ca2+
and Mg2+ free HBSS and then lysed by an ultrasonic cell
disruption system (Shanghai Instrument Co., Ltd, China)
in an ice-water bath. The supernatants were collected, after
centrifugation at 10000×g, for measurements of EROD,
superoxide dismutase (SOD) and catalase (CAT) activities.
EROD activity was quantified at 572 nm using the
method described by Lu et al. [23]. The reaction mixture
consisted of 140 µL buffer (0.1 mol/L Tris, 0.15 mol/L
KCl, pH 8.0), 10 µL of 2 µmol/L 7-ethoxyresorufin and
10 µL extracts. The reaction was initiated at 25°C for 30 min
by the addition of 40 µL of 2.5 mmol/L NADPH. EROD
activity was expressed as pmol/mg protein/min, using an
extinction coefficient of 73 L/mmol/cm.
SOD activity was determined by measuring inhibition
of the auto-oxidation of pyrogallol at 420 nm using a
modification of the method suggested by Marklund and
Marklund [24]. Tris-HCl buffer (300 µL) was added to
the microplates, which were warmed at 25°C for 10 min.
Ten microliters of sample and 6 µL of preheated pyrogallol were added and the rate of pyrogallol auto-oxidation
was measured for 3 min. SOD activity was expressed as
U/mg protein. One U was defined as the amount of enzyme required to cause 50% inhibition of pyrogallol autooxidation.
CAT activity was determined using ammonium molybdate [25]. Two hundred microliters of the samples were
incubated with 1 mL of substrate (65 mM hydrogen peroxide in 60 mM potassium phosphate buffer, pH 7.4) at
37°C for 60 s. The enzymatic reaction was terminated by
adding 1 mL of 32.4 mM ammonium molybdate and yel-

low complex of molybdate. Hydrogen peroxide was then
measured at 405 nm.
Protein concentrations of hepatocyte samples were
determined at 595 nm using a method developed by Bradford [26], with bovine serum albumin as the standard. All
enzymatic activities were normalized to total protein content.
2.7 Statistical analysis

All experiments were repeated three times with independent cell preparations, and each test was performed in
triplicates. The results were expressed as mean ± standard
deviation (SD, n=3). Normality and homogeneity of variances were examined using Shapiro-Wilk’s and Levene’s
tests, respectively. Data from different treatments were
compared by a one-way analysis of variance (ANOVA)
and statistically different treatments were identified by
Dunnett’s test. All differences were considered significant
at P<0.05. Statistical analyses were performed using SPSS
(version 13.0, SPSS Inc., 2004).
3 RESULTS AND DISCUSSION
When the culture medium control was compared with
the solvent control, no significant difference was observed
in the hepatocyte cell viability and activity of LDH,
EROD, SOD or CAT. Hence, only the data from the culture medium control was included in the analysis.
3.1 Cell viability

The cell viability after pharmaceutical treatments is
shown in Fig. 1. As the concentration of exposure increased
there was a gradual decrease in hepatic cell viability. Cell
viability was significantly decreased at higher concentrations (≥ 80 µg/L) (P < 0.05) for all the pharmaceuticals
tested, with the exception of sulfamethoxazole at 80 µg/L.
Caffeine and the ternary mixtures, at a concentration of
16 µg/L, significantly reduced the cell viability, as did the
binary treatment of norfloxacin/caffeine at 3.2 and 16 µg/L.
The most significant reduction of cell viability was found at
the highest concentration tested. The maximum reduction
was more than 70%, which was observed at 2000 µg/L of
the ternary mixtures. Markedly lower cell viability was
observed after co-exposure to compounds, compared to
exposure to a single compound at the highest concentrations, particularly for the ternary treatments.
The significant decrease in cell viability observed in
the present study indicated that sulfamethoxazole, norfloxacin and caffeine, used singularly and in combination,
induced cytotoxicity on hepatic cells of crucian carp.
Many pharmaceuticals, such as clofibrate, fenofibrate,
carbamazepine, fluoxetine, diclofenac, propranolol, sulfamethoxazole and gadolinium chloride, have been proven
to be cytotoxic to the primary cultures of rainbow trout
(Oncorhynchus mykiss) hepatocytes [19,27]. It has been
demonstrated, in vitro, that the pharmaceutical itself
and/or its metabolite may be responsible for the cytotoxi-
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city. Rieder et al. [28] found that 1.6 mM of the hydroxylamine metabolite of sulfamethoxazole and 400 mM of
the hydroxylamine metabolite of sulfadiazine produced
82%
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FIGURE 1 - Cell viability of carp hepatocytes after exposure to sulfamethoxazole (SMX), norfloxacin (NOF), caffeine (CF) and their mixtures for 24 h. Asterisks indicate values that are significantly different from control values (P<0.05). Results are expressed as a percentage of
the corresponding control value.
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FIGURE 2 - LDH activities of carp hepatocytes after exposure to sulfamethoxazole (SMX), norfloxacin (NOF), caffeine (CF) and their mixtures for 24 h. Asterisks indicate values that are significantly different from control values (P<0.05).

and 62% cell death in human lymphocytes, respectively. The
parent sulfonamides were not toxic to cells. Similarly, the
principal metabolite of sulphasalazine, sulphapyridine
hydroxylamine, has also been proven to be more cytotoxic to
human leucocytes than the parent compound at 100 µM [29].
3.2 LDH activities

The effects on hepatocyte LDH activities after a 24-h
exposure are shown in Fig. 2. LDH activities increased
significantly in all treatments with the exception of sulfamethoxazole at 0.64 µg/L and norfloxacin at 3.2 µg/L. The
increase was observed to be dependent on the concentration
of pharmaceutical in each case, except for caffeine and
sulfamethoxazole/norfloxacin mixtures. No significant difference in LDH activities was observed in different caffeine
treatments, while 3.2 µg/L of sulfamethoxazole/ norfloxacin

induced the highest LDH activities, with a 1.29-fold
increase. For all other treatments, the maximum LDH
increase was observed at the highest pharmaceutical concentrations, with 0.83–2.45-fold increases. LDH activities
following exposure to the binary mixtures of sulfamethoxazole/caffeine and norfloxacin/caffeine and the ternary
mixtures were higher than those caused by the corresponding individual compounds. However, LDH activities observed following co-exposure to sulfamethoxazole
and norfloxacin were similar to the corresponding single
exposure.
LDH is a stable cytoplasmic enzyme present in all
cells, which has been used as a good indicator for assessing the cytotoxicity of chemicals via the measurement
of LDH released from damaged cells [30]. Elevated LDH
activities in the cell medium can be used to indicate dam-
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age to cell membranes. This study demonstrates that single
and combined pharmaceuticals cause an increase in cell
medium LDH activities, in a dose-dependent manner. This
increase could be due to release of LDH by the hepatocytes, through the damaged plasma membrane [31]. With
regard to other PPCPs, the LDH activities of haemocytes in
clams (Ruditapes philippinarum) have been significantly
increased by ibuprofen, suggesting the destabilization of
lysosomal membranes [32]. Likewise, Matozzo et al. [33]
also observed significant alterations of LDH activities in
clams exposed to triclosan, indicating that the plasma
membrane is a prime site for the toxic action of triclosan.
Overall, the results presented here suggest that the pharmaceuticals may produce a negative effect on the membrane stability of hepatocytes, which is consistent with the
results of cell proliferation in this study.
3.3 EROD activity

EROD responses to pharmaceutical treatments are
shown in Fig. 3. EROD activity was significantly increased with exposure to sulfamethoxazole, from 3.2 to
80 µg/L, caffeine from 0.64 to 80 µg/L and norfloxacin at
concentrations higher than 16 µg/L. The most significant
EROD induction was observed at 16 µg/L for all the pharmaceuticals tested.
EROD activity was significantly increased by all the
mixtures, except for sulfamethoxazole/caffeine. The fold
inductions for sulfamethoxazole/norfloxacin and norfloxacin/caffeine mixtures were higher than that for individual
compounds, while the ternary mixtures produced a similar
EROD induction to single compounds. The EROD levels
exhibited a trend where they firstly increased then decreased
with increasing concentration of pharmaceutical (alone and
in combination), giving a bell shaped concentration-response
curve.
The metabolism of most xenobiotics, including some
pharmaceuticals, is always attributed to phase I transformation, which is generally the first step in detoxification
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and excretion of toxicants. The alteration of the CYP1A
protein level has been shown to affect xenobiotic metabolism and toxicity in rainbow trout [34]. Our results suggest that sulfamethoxazole, caffeine and norfloxacin probably interact with the CYP1A metabolism pathways in carp
hepatocytes, with the induction of EROD activity. EROD
induction has been observed in RTG-2 and RTL-W1 fish
cell lines after exposure to septrin (formulation containing
sulfamethoxazole and trimethoprim) [35]. Significant induction of EROD activity was also observed in Carassius
auratus after exposure to caffeine and sulfamethoxazole
at sublethal concentrations [22]. However, Laville et al.
found that sulfamethoxazole at 108 µmol/L could inhibit
the basal EROD activity in primary cultures of rainbow
trout hepatocytes [19]. The pharmaceuticals were able to
induce the EROD activity in the present study, but it is
not known if this happens through the classical activation
cascade of the Ah receptor or through other signaling pathways [36]. In fact, sulfamethoxazole appears to be a substrate for CYP 2C9, but the involvement with CYP 1A is
unclear [37].
Compared with individual exposures, the binary mixtures, with the exception of sulfamethoxazole/caffeine,
seemed to have synergistic effects on the EROD responses.
Similarly, previous studies have also reported that the total
effect of the mixtures is greater than the sum of the single
effects for ß-blockers and antidepressants [38,39]. These
effects may be of toxicological concern as the alterations
of CYP1A may affect the xenobiotic metabolism and the
toxicity of each pharmaceutical [40]. In the present study,
EROD induction exhibited bell shaped concentrationresponse curves. Bell shaped curves have been reported for
EROD induction in in vivo and in vitro systems after exposure to polycyclic aromatic hydrocarbons [23,41]. Although
the mechanism that decreases the EROD induction has not
been completely defined, it is likely that high concentrations of the inducer inhibit or inactivate the induced enzyme [42].
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FIGURE 3 - EROD activities of carp hepatocytes after exposure to sulfamethoxazole (SMX), norfloxacin (NOF), caffeine (CF) and their
mixtures for 24 h. Asterisks indicate values that are significantly different from control values (P<0.05).
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3.4 Antioxidant enzyme (SOD, CAT) activities

The responses of SOD activity to pharmaceutical exposure are shown in Fig. 4. SOD activity was significantly induced at concentrations equal to or higher than 3.2
µg/L by all pharmaceuticals. Furthermore, sulfamethoxazole/caffeine and ternary mixtures, at the lowest concentration (0.64 µg/L), also significantly increased SOD
activity. Norfloxacin/caffeine mixtures produced the
strongest SOD induction (3.5-fold) at the highest concentration. Similar to the EROD response pattern, SOD induction also exhibited bell shaped concentration-response
curves in most cases.
The responses of CAT activity to exposure to the test
pharmaceuticals are shown in Fig. 5. Significant CAT
induction was observed at the lowest test concentration
(0.64 µg/L) for all the pharmaceuticals, with the exception
of norfloxacin. CAT activity was not significantly altered
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at the highest pharmaceutical concentration (2000 µg/L),
with the exception of sulfamethoxazole/caffeine. Although
pharmaceuticals tested increased CAT activity in most
cases, concentration dependence was not apparent.
The antioxidant enzymes, including SOD and CAT,
are able to prevent the adverse effects of reactive oxygen
(ROS) species in cells. Many studies have demonstrated
that environmental pollutants induce the production of
ROS [43], which may be scavenged by the antioxidant
defense system. The activities of SOD and CAT are usually used as biomarkers of oxidative stress [44]. In this
study, after exposure to the three pharmaceuticals (single
or in combination), the activities of SOD and CAT of
hepatocytes exhibited an overall increase, suggesting an
oxidative stress related adaptive response, which may be
dependent upon hyper-production of ROS [45]. This result
is supported by several previous in vitro and in vivo studies
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with various pharmaceuticals. Bécuwe et al. [46] observed
that Mn-SOD activity of human cell lines increased after
exposure to clofibric acid [46]. Long term exposure to caffeine could lead to an increase in oxidative stress in hepatocytes, including lipid peroxidation [27]. In vivo, liver SOD
and CAT activities were both significantly induced in rainbow trout after exposure to carbamazepine [47].
In the present study, the high activity of the antioxidant enzymes SOD and CAT, in hepatocytes exposed to
PPCPs, coincided with the induction of LDH activity.
This result was similar to those observed in previous
studies. For example, after a 2nd injection of isoproterenol (30 mg/l00 g body weight) in rats, the SOD and
CAT activity was significantly induced in the erythrocytes, as was LDH activity [48]. Misra and Niyogi also
found that the elevation in antioxidant capability was
accompanied by cytotoxicity in rainbow trout hepatocytes, after exposure to 100 µM selenite [49]. In fact, the
induced antioxidant enzyme activities could accelerate the
ROS counteraction. However, this failed to reduce LDH
activities in the present study. This contradictory result
suggested that, in addition to ROS, other causes may also
contribute to the impairment of cell membrane stability,
which has been supported by El-Tawil et al. [50].
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EVALUATION OF USAGE AREAS OF
Lamium purpureum L. var. purpureum IN
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ABSTRACT

1 INTRODUCTION

Urban parks, public buildings, school gardens, residences and open green spaces that we frequently encounter within urban landscape play an important role in the
formation of urban identity. Urban identity created by utilizing environmental quality components provides users with
a more habitable environment. Plant diversity in open green
spaces affecting urban identity positively and providing
users with a more habitable environment varies also in
terms of identity and position of a city. This study conducted in Bartın in the Western Black Sea region consisted
of three main phases intended for (i) examining Lamium
purpureum L. var. purpureum in terms of users' choices,
(ii) evaluation of plant compositions created within urban
landscape, and (iii) results of soil analysis of selected areas.
A questionnaire study was applied to 150 users about areas
of usage of open green spaces and usage forms of Lamium
purpureum L. var. purpureum found within the city, and
appreciation of users was examined within this scope. In
this regard, Lamium purpureum L. var. purpureum planting
compositions within urban landscape were examined, they
were taken into evaluation within 8 different groups (road
sides, rock gardens, open green spaces, curves, refuges,
emphasis points, retaining walls and slopped (sand dune)
lands) according to their characteristics, and the results of
soil samples taken from each group were included. Consequently, recommendations intended for contribution of
Lamium purpureum L. var. purpureum plant to urban landscape and the usability in sustainable urban green spaces
were developed.

KEYWORDS: Lamium purpureum L. var. purpureum, urban
landscape, planting design, green spaces

* Corresponding author

While plants are regarded as indispensable important ring of
urban and rural landscape planning components [1-3],they
increase the life quality of cities under the heavy pressure
of industrialization [4]. Therefore, requirements for open
green spaces affecting the life quality of urban users are
also increasing gradually [5]. It was emphasized in studies
that people do not like places lacking of green spaces [6],
natural spaces are found more attractively [7], important
psychological benefits are obtained in visual passive relations established with nature [8], and even feeling the presence of green spaces [9], are highly important topics. In
addition to psychological effects of plants on people [10],
they have positive functions in terms of landscape repair
technique (prevention of erosion, rehabilitation of garbage
areas, prevention of snowslide-landslide, slope stabilization, soil improvement, etc.) [5]. For example, plants used
for providing service in recreational areas in urban landscape have also positive effects such as routing the development of cities, city aesthetics and image contribution
[11-14].
Plants which are used in urban landscape show diversity as natural and exotic ones [15, 16]. Particularly, species naturalized by spreading too quickly in cities having
an urban city identity like Bartın [17] are frequently encountered. Lamium purpureum L. var. purpureum taken
under evaluation herein belongs to the Lamiaceae family.
There are few regions in which nearly all habitat species
and members of Lamiaceae family growing in all heights
do not show expansion in the world [18]. 400 species are
growing in Turkey, and 240 of them representing 38 types
are endemic [19, 20]. Bodies in Lamiaceae family characteristically have four square stems [18], and leaves have
aromatic compounds giving a special odor [21]. Many of
the Lamiaceae members are used as ornamental plants in
landscape architecture or taken into culture as spices due
to these characteristics. Lamiaceae family members have
a great variety of compounds characteristically for essential oils to be used in different areas in terms of medical
purposes (for example, removing intestinal gases [22],
regulation of gastrointestinal system [23], strengthening
the nerve system [24], regulating hypertension [25]). Flow-
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ers of Lamium purpureum L. var. purpureum having purple
color are highly effective in the beginning of March and
at the end of May. Flowering period may start in February
according to mildness of the climate. Even if the flowering period is limited in spring months, it always exhibits a
green appearance due to its leaves. It is a well bee host. It
may be taken under control easily although it has an invasive characteristic [24]. Lamium purpureum L. var. purpureum can be generally mistaken for Lamium amplexicaule L. which has similar leaves and bright purple flowers in land studies.
Awareness for conservation of ecological balance in
many countries of the world is gradually increasing [26].
For this reason, designers are developing planting design
approaches that are compatible with environment and society. In this study, places of Lamium purpureum L. var.
purpureum (urban landscape, usage areas with created
plant compositions, road sides, rock gardens, open green
spaces, curves, refuges, emphasis points, retaining walls
and slopped (sand dune) lands where it grows naturally)
were examined in 8 different areas, and planting recommendations intended for urban landscape were developed.
2 MATERIALS AND METHODS
2.1 Description of study field

Bartın selected as field of study is a small industrialized city with a population of 51,640 people that has the
characteristics of a rural city in Turkey (Fig. 1). The ele-

vation from sea level of this city is 110 m and annual
rainfall amount is 1030 mm, and average temperature is
about 12.5 °C [27]. Rainfall amount in Bartin varies according to months, with maximum rainfall in October,
November and December months. It has a total land area
of 2,143 km² and due to the newly established Bartin
University is undergoing a period of rapid population
growth. Rapid population growth brings along water and
environmental pollution. The primary solution needed for
these problems is to restore and conserve the environmental quality [28]. Natural vegetation that is an important
component of Bartin urban ecosystem has an important
role for solution of social, environmental and economic
problems of the city. Forests cover 46%, agricultural
lands cover 35%, meadows and ranges cover 7%, and
areas that are unfavorable for culture and centre of population cover 12% of Bartin land area. Bartın has a highly
rich vegetation with plantations of Fagus orientalis, Castanea sativa, Laurus nobilis, Abies nordmanniana, Ficus
carica, Castenea sativa and Corylus avellana [29].
2.2 Data Evaluation

Eight different areas were determined as field of study
within Bartın city. Four of these areas selected are city
centers and four of them are out of town. The only common characteristic of these areas having different characteristics (road sides, rock gardens, open green spaces,
curves, refuges, emphasis points, retaining walls and
slopped (sand dune) lands) is that Lamium purpureum L.
var. purpureum plant is growing within them.

Hendek yanı Street (city center)
Agdacı village (suburban)

Gazhane park (city center)
Aladağ district (urban freeway)
FIGURE 1 - Study area.
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The research consisted of three main phases. In (i), the
first phase of the study, Bartın urban users' socio-demographic structures, expectations from open green spaces in
the city, and usability of Lamium purpureum L. var. purpureum in urban parks were examined. Questionnaire form
was used in data collection phase. It was utilized from
Cengiz et al. [3] Yasar et al. [31] in creation of questionnaire form, and questions were asked to 150 people regarding users:
• Their expectations from open green spaces,
• Open green spaces' usages,
• How they find Lamium purpureum L. var. purpureum
aesthetically and this plant's usability.
In statistical evaluation phase of data obtained from
questionnaire forms, correlation analyses were made between parameters regarding socio-demographical states of
users and users' expectations from open green spaces.
Spearman coefficients (r) and significance levels were
determined. In statistical analyses conducted, SPSS (Statistical Package for Social Science) 16.01 package program
was used.
In (ii), the second phase of the study (as in the study
conducted by Kirnbauer et al. [30], different characteristic
areas in which Lamium purpureum L. var. purpureum plant
is found in urban landscape were determined (a. road sides,
b. rock gardens, c. open green spaces, d. curves, e. refuges,
f. emphasis points, g. retaining walls and h. slopped (sand
dune) lands). Each of these areas was taken into evaluation by examining them in accordance with planting design criteria of Robinson [11], Booth [12] and Lesczynski
[13], and urban landscape approaches proposed by Roseland [32, 33], Song [34] and Lynch [35].
In (iii), the third phase of the study, 2 samplings were
taken from (0-10) and (10-30) intervals of each of the areas
into evaluation (16 different samplings) and average results
were found.
3 RESULTS
Findings that were obtained in the study contain the results of i) evaluation of open green spaces in the city and
Lamium purpureum L. var. purpureum plant in terms of
users' preferences, ii) examination of characteristic features
of urban landscape areas in which Lamium purpureum L.
var. purpureum plant is found, and iii) analysis of soil
features of the studied areas.
3.1 Evaluation of open green spaces in the city and Lamium
purpureum L. var. purpureum plant in terms of users' preferences

While aesthetic features of Lamium purpureum L.
var. purpureum encountered in open green spaces in
Bartın city centre were evaluated, socio-demographical
structures of users were asked, and how they perceive the
open green spaces in the city was questioned. However,
some meaningful relations seen among gender, age, edu-

cational status, profession and income status (Table 1)
were out of the aim and scope of the research, and they
were not interpreted. There is a negative relation in confidence level of 95% (p<0.01) (r = -.270**), (p<0.05) (r = .210*) among ages of users, how they perceive the open
green spaces, and aim of using these areas. With increasing
age, these users perceive the open green spaces in the city
as being neglected and they evaluate these areas as socialization places where they can further relax. There is a meaningful relation in a negative direction between educational
status of users and importance of usage of open green spaces (r = -.171*). As educational status of users increases,
usability importance of open green areas increases. In a
similar way, with users` profession, they have given further
importance for the usability of open green spaces (r = .203*),
and this situation was confirmed with a positive meaningful relation. Also, there is a negative meaningful relation
between income levels of users and the variable regarding
would you like to want Lamium purpureum L. var. purpureum to be used in urban parks (r = -.166*). As income
levels of users increase, it was seen that they want Lamium purpureum L. var. purpureum to be used in urban
parks.
Important results were obtained in examination of
open green space concepts of users. It was confirmed, at the
end of correlation analysis, that users find the open green
spaces within the city adequate but also being neglected (r =
-.185*). Open green spaces which were found being neglected by users are generally wanted to be used for the purpose of relaxation and socialization (r = -.192*). Desire
of using Lamium purpureum L. var. purpureum (r = .188*) in these areas was confirmed as a result of correlation analysis. Finally, using Lamium purpureum L. var.
purpureum in open green spaces found in the city is important in terms of users is an important fact, and this
situation was confirmed as a result of correlation analysis
conducted (r = -.202*). The other questions asked to the
users in questionnaire study were not examined with correlation analysis, but percentage analysis method was applied. Accordingly, answers given by users for the question
of "which aesthetic features of Lamium purpureum L. var.
purpureum are attractive for you?" were ranked in the
way of color (rate of 59.33%), tissue (rate of 15.33%), form
(rate of 9.33%), shape (rate of 12%), color-tissue (rate of
2.66%), and color-shape (rate of 1.33%) (Table 1).
3.2 Examination of characteristic features of Lamium purpureum L. var. purpureum in urban landscape areas in parallel with planting design criteria

Plants used in urban landscape of Bartın show diversity as natural and exotic plants. Bartın has a rural city
identity, and this situation enables natural species found
within old city tissues to be conserved and to come up to
today [15]. Generally, natural species were more frequently
encountered in old residence gardens, public buildings and
meeting places of the population in the city centre when
going towards out of the city. Lamium purpureum L. var.
purpureum is a species naturalized by spreading in the
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city centre as also outside of the city. At any time, this
plant has a feature of being close to green and flower
beauty. These features are gradually coming to the forefront of planting designs made in landscape architecture.

By taking into considraion spot effects created by flower
color having surface concealer properties due to expansion features, showing development that is suitable for

TABLE 1 - Examination of socio-demographic features of subjects and their demands intended for concepts of open green spaces in Bartın city.
1b

1c

1d

1e

2a

2b

1. Socio-demograhic characteristics of users
1a. Gender (1: female, 2: male)
.263**
.112
.049
.412** -.177* .154
1b. Age (1: 18-20, 2: 20-25, 3: 25-30, 4: 30-40, 5:
-.282**
.651**
.509** -.102 -.270**
40-50, 6: 60-)
1c. Educational level (1: Elementary, 2: Second-.522**
.163* -.083 .045
ary, 3: High-school, 4: University, 5: Master of
Science -)
1d. Profession (1: unemployed, student, housewife,
.210** -.016 .118
2: retired, 3: worker, official, 4: self-employed
person)
-.101 .143
1e. Income level (less than 1:500 TRY, between 2:
500-750 TRY, 3: 750-1000 TRY, 4: 1000-1500
TRY, 5:1500-2500 TRY, more than 6:2500- TRY)
2. Examination of demands intended for concepts of open green spaces
2a. Are open green spaces in the city ade-.185*
quate?(1: Yes, 2: No)
2b. How do you find the open green spaces in the
city?(1: Neglected, 2: Partial well-kept, 3: Wellkept)
2c.For what purpose do you use open green
spaces? (1: Relaxation, 2: Socialization, 3: Excursion, 4: Playing sport)
2d. Are usages of open green spaces important
for you? (1: Yes, 2: No)
2e. Which aesthetic features of Lamium purpureum are attractive for you? (1: Color, 2:
Tissue, 3 Form, 4: Shape, 5: Measurement)
2f. Do you want to use Lamium purpureum in
urban parks?(1: Yes, 2: No)
**
Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at the 0.05 level (2-tailed).

2c

2d

2e

2f

.063
-.201*

.064
.098

.013
-.068

-.152
-.030

-.072

-.171*

.036

-.026

-.091

.203*

-.028

-.058

-.098

-.053

-.091

-.166*

.143

.065

.007

-.094

-.192*

.027

.028

-.188*

-.125

.043

.116

-.151

-.202*

TABLE 2 - Plant species selected as alternative for Lamium purpureum L. var. purpureum plant.

March

April

May

June

July
August

Natural species
Bellis perennis L.
Doronicum orientale Hoffm.
Muscari armeniacum Leichtlin ex Baker
Nasturtium officinale R. Br.
Ranunculus ficaria L. ssp. ficariiformis Rouy. & Fouc.
Sinapis arvensis L.
Veronica chamaedrys L.
Vinca herbaceae Waldst. & Kit
Viola sieheana Becker
Trifolium medium L. var. medium
Potentilla reptans L.
İris germenica
Ajuga reptans
Sedum acre L.
Dianthus giganteus d’URV.
Anthemis cotula L.
Verbascum blattaria L.
Typha latifolia L.
Trifolium ochroleucum Huds.
Torilis arvensis (Huds.) Link. ssp. arvensis
Nasturtium officinale R. Br.
Tanacetum parthenium (L.) Schultz. Bip.
Potentilla reptans L.
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Exotic species
İolsa cornuta
Muscari botryoides
Narcisus pocticus
Primula vulgaris
Tulipa clusania
Alyssum saxalite
Campaluna medium
Papaver commutatum Fisch. & Mey.
Armeria maritime
Alyssum maritimum
Argeratum houstanium
Alchemilla mollis
Salvia splendesis
Lavandula officinalis
Gaillardia aristata
Russell “Hybrids”
Dianthus caryophyllus
Tagates erecta flöre

-.028
-

© by PSP Volume 22 – No 10. 2013

Fresenius Environmental Bulletin

Myosotis alpestris F.W. Schmidt. ssp. alpestris

Zinnia Elegans
Veberna hortensis

FIGURE 2 - Classification of Lamium purpureum L. var. purpureum according to planting design criteria.

any kind of land topography, and also plant resistance,
areas where Lamium purpureum L. var. purpureum plant
is growing within Bartın city were classified by considering the planting design criteria [11-13]. These areas were
classified under eight sections as road sides, rock gardens,

open green spaces, curves, refuges, emphasis points, retaining walls and slopped (sand dune) lands (Fig. 2).
Each of the areas selected contains the urban landscape approaches of Roseland [32, 33], Song [34] and
Lynch [35] intended for users. Various natural and exotic
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plant species were recommended as being alternative for
Lamium purpureum L. var. purpureum plant usage in Bartın
urban landscape (Table 2). The table was created by taking into consideration flowering periods of selected species.
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TABLE 3 - Soil analysis of studying areas.
Profile
Number
A
A
B
B
C
C
D
D
E
E
F
F
G
G
H
H

Depth
(cm)
0-10
10-30
0-10
10-30
0-10
10-30
0-10
10-30
0-10
10-30
0-10
10-30
0-10
10-30
0-10
10-30

Sand
(%)
65
64
100
100
85
89
87
87
35
43
61
62
91
91
43
51

Physical Analysis
Clay (cm)
Dust
(%)
11
24
10
24
0
0
0
0
10
5
2
9
7
6
5
5
35
30
37
20
21
18
21
17
3
6
1
8
39
18
21
28

Type of soil
Sandy Loam
Sandy Loam
Sand
Sand
Loamy Sand
Loamy Sand
Loamy Sand
Loamy Sand
Loamy Clay
Loamy Clay
Sandy Clay Loam
Sandy Clay Loam
Loamy Sand
Loamy Sand
Loamy Clay
Clay Loam

3.3 Examination of soil analysis results of Lamium purpureum L. var. purpureum found in urban landscape

Sixteen soil samples were taken from 8 different
study areas where Lamium purpureum L. var. purpureum
plant is growing in depths of 0-10 and 10-30 cm. According to physical analysis results, it was confirmed that soils
had average rates of 72.125% sand, 13.93% clay and
13.62% dust. The pH values of soils ranged between 6.9
and 7.9 pointing out alkaline feature and basic soils. Samples taken from depths of 10-30 cm (B. slopped lands) of
profiles numbered B at 16 sampling points demonstrated
poorness in black soil (1.9%) compared with other sampling
areas. Other sampling points were found to be humidic in
terms of organic substance contents. Groups varied among
each other in terms of black soil amount. CaCO3 contents of
soil samples ranged between 0.4 and 17.6% (average
5.51%). B (1-10 cm), B (10-30 cm), C (0-10 cm), F
(10-30 cm) and H (0-10 cm) soil samples fell into noncalcareous soil class whereas other soils fell into calcareous
soil class (Table 3) [36].
4 DISCUSSION AND CONCLUSION
Values of Lamium purpureum L. var. purpureum plant
compositions contributing to Bartın city and its environment as design elements were searched, in addition to functional and visual values from areas selected in Bartın city
centre and its immediate surroundings. Plant species showing natural expansion in old houses, old public buildings
and old population centers found in Bartın province which
is the subject of the study are frequently encountered [15].
There are naturalized species by spreading too quickly in
the city as much as out of the city in small provinces,
particularly like Bartın. While Lamium purpureum L. var.
purpureum plant naturalized to city landscape of Bartın
affects the city aesthetic positively with its attractive
purple flowers in early spring, it has positive contribution
to the wild life of the city. The plant has the feature of even
growing at road sides, slopped lands, vegetable and fruit

pH
1:2.5
7.2
7.2
7.5
7.9
6.9
7.3
7.8
7.8
7.6
7.6
7.9
7.3
7.6
7.5
7.5
7.6

Chemical Analysis
Organic substance
Total
(%)l
14.7
7.9
14.7
7.9
2.3
0.4
1.9
0.6
48.2
0.4
4.9
17.6
13.3
1.1
13.3
1.2
5.8
7.9
10.7
4.9
9.0
3.2
19.8
0.6
3.1
16.5
14.5
15.7
2.7
0.7
11.0
1.6

CaCO3

gardens, and this feature constitutes a highly important
situation in terms of planting design. Data obtained at the
end of the research showed that people want to see Lamium purpureum L. var. purpureum plant within urban
landscape (r = -.188*), even finding them suitable for
open green spaces (r = -.202*). Purple flowers of the plant
seem to be more aesthetic and attractive for the users with
color criteria of 59.33% aesthetically, and this overlaps
the study conducted by Li et al. [1]. Particularly relaxation,
reducing anxiety and improving mood effects created by
purple color on people enable the plant to be used as a
landscape character [13]. When growth conditions of the
plants are considered [24], selection of plant types for compositions created in urban landscape (road sides, rock gardens, open green spaces, curves, refuges, emphasis points,
retaining walls and slopped (sand dune) lands) having the
quality that will be an alternative for empty spaces is an
important problem of cities [37]. When soil character
(sandy, alkaline, falling into humic or calcareous soil
class in terms of organic substances) in spaces is included in decision making, the studied plant showed us to
be able to grow under such abstinent conditions. Consequently, Lamium purpureum L. var. purpureum plant can
be used in harmony or contrast planting arrangements for
the purpose of strengthening the positive place understanding in urban landscape. The invasive feature of the
plant should not be forgotten in studies conducted [24],
and root separation or pruning with scissors should be
applied after flowering session. If species number is kept
low in compositions to be created, competitive features of
the plant with other species would have been reduced to a
minimum. It should be benefited because of its mass
formation feature in open green spaces having wide surfaces. Since color effect is limited with spring period, it
may be used alternately with natural and exotic species
listed in Table 2 (Bellis perennis L., Muscari armeniacum
Leichtlin ex Baker, Vinca herbaceae Waldst. & Kit, Ajuga
reptans etc.). It is a species that may be also evaluated due
to its color effect feature in rock gardens.
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ABSTRACT
The kaolin was found to have adsorption capacity for
Pb(II), Cr(III), Zn(II) and Co(II). Towards this aim, batch
adsorption experiments were carried out and the effects of
various parameters on this removal process have been
investigated. The effects of solution pH, dose of kaolin
loading, contact time, temperature and initial metal concentration were examined. Adsorption was decreased with
increasing temperature for all studied metals. The Langmuir and Freundlich adsorption models were used for
mathematical description of the adsorption equilibrium.
Equilibrium data was fitted to the Langmuir model in the
concentrations of 10-100 mg L-1 at 293 and 313 K. Based
on the Langmuir isotherm plots, the maximum adsorption
capacity value was calculated to be 30.89 mg g -1 for
Cr(III), 30.49 mg g-1 for Pb(II), 30.30 mg g-1 for Zn(II),
and 27.70 mg g-1 for Co(II) at 293 K. Various thermodynamic parameters, such as ∆G o, ∆H o, and ∆So, were
evaluated with results indicating that this system was
spontaneous reaction and kinetically suited to pseudosecond order model. Adsorption ability of kaolin decreased in the order Cr(III) > Pb(II) > Zn(II) > Co(II). The
adsorption capacities of kaolin decreased in the order
ZnCl2 activation > NaOH activation > H2SO4 activation >
native kaolin.
KEYWORDS:
Adsorption; kaolin; activation; heavy metal; isotherm.

1 INTRODUCTION
Contamination of water by toxic heavy metals through
wastewater discharge by industrial activity is one of the
major environmental issues. Rapid industrialization has
seriously contributed to the release of toxic heavy metals
in the water streams. Electroplating, metal processing,
mining, textile and battery manufacturing industries are the
main source of heavy metal contaminations [1]. Those
activities polluted the water streams, especially rivers, and
made them lose their potential value and beneficial use [2].
* Corresponding author

Heavy metals cannot be metabolized and bioaccumulated
in organism bodies. These toxic metals can move through
the biological chain, thereby reaching human beings, and
lead to chronic and acute ailments. Heavy metal toxicity
can result in damage or reduced mental and centralnervous
function, lower energy levels and damage to blood composition, lungs, kidneys, liver and other organs [3].
Numerous processes exist for removing dissolved
heavy metals, including precipitation, ion exchange, phytoextraction, ultrafiltration, reverse osmosis, and electro
dialysis [4]. Nevertheless, many of these approaches can be
marginally cost-effective. Chemical methods increase the
pollution load on the environment. Adsorption has advantages over the other methods because of simple design
with a sludge-free environment and can involve low investment. Several materials derived from natural resources, plant wastes or industrial by-products, such as
peat, wood, barley, rice husk, plant straw, rice bran, algal
biomass, bananapith, soybean, cottonseed hulls, humic
acids, tree bark, sugar beet pulp, leaves, green algae, activated carbon fibers, coconut waste, wood and straw have
all been investigated for their ability to sequester trace
metals from water. In recent years, numerous low-cost
natural materials, such as fly larva shells [5], wood sawdust [6], tea waste [7], potato peels [8], nettle ash [9], red
mud [10], leca [11], palm shell [12], wood ash [13], hazelnut shell [14], activated carbon prepared from agricultural wastes [15, 16], sewage sludge ash [17], rice hulls
[18, 19], tobacco dust [20], lichens [21], ion exchangers
[22], surfactant-modified montmorillonite [23], activated
kaolin [24], and other ad-sorbents [25-29] were used and
investigated for removal of heavy metals from water and
wastewaters.
The use of clays as sorbents to remove contaminants
has been increasingly paid attention because they are cheaper
than other materials, such as activated carbon and zeolites.
They have high specific surface area, high chemical and
mechanical stability, and a variety of surface and structural properties. The chemical nature and pore structure
generally determine the sorption ability of clays.
Kaolin is a naturally occurring clay resulting from
weathering of aluminous minerals, such as feldspar with
kaolinite as its principal constituent. Kaolin is a common
mineral, considered “generally regarded as safe” (GRAS)
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by the U.S. Food and Drug Administration. It is used as
ananti-caking agent in processed foods and an additive
to cosmetics, toiletries and health products. It is also used
as an “inert” carrier in some pesticides, and enhances the
performance of some microbial products [30]. Kaolin is
ground and processed further to reach a uniform particle
size for application as a plant protectant. Applied in suspension in water, kaolin produces a dry white film layer
of interlocking microscopic particles on the surface of
leaves, stems and fruits after evaporation of the water.
In this study, adsorption of Cr(III), Pb(II), Zn(II) and
Co(II)onto natural and modified kaolin with variation in
the parameters of solution pH, initial metal concentration,
temperature and contact time was investigated. The Langmuir and Freundlich equations which have been commonlyused to describe adsorption isotherms of water and
wastewater applications at constant temperature were also
evaluated. Thermodynamic and kinetic analyses for adsorption processes have also been carried out. Some activation
procedures were also investigated to increase adsorption
capacity of kaolin.
2 MATERIALS AND METHODS
2.1 Materials

Kaolin samples from the beds in the Balikesir region
(Turkey) were used in the experiments, ground and sieved
for different mesh sizes, and the particle fraction <400
mesh was used in further experiments. Chemical composition and physicochemical properties of the kaolin are
given in Table 1.
2.2 Adsorbate solution

All chemicals used in making adsorbate solutions
were of analytical grade. Stock Cr(III), Pb(II), Zn(II) and
Co(II) solutions (1000 mg L-1) were purchased from
Merck AG (Darmstadt, Germany) and suitably diluted to
required initial concentrations with the distilled water.
2.3 Experimental procedure

Adsorption studies were carried out by the batch
technique to obtain equilibrium data. The initial pH values of the solutions were adjusted with 0.1 M HNO 3 and

NaOH solutions before mixing the adsorbent suspension.
The adsorption capacity of kaolin was determined by
contacting 50 ml of metal solutions of varying concentrations (10-100 mg L-1) with 150 mg kaolin in 250ml flasks
for 15 min. The suspension was shaken on a temperaturecontrolled shaker and adsorbent was removed from metal
solutions by centrifugation. The concentration of unadsorbed metals was determined by atomic absorption spectrophotometry (Unicam 926) using an air acetylene flame.
Blanks containing no metals were used for each series of
experiments. The adsorption studies were also carried out
at 20 and 40 oC to determine the effect of temperature and
to evaluate thermodynamic parameters. All the experiments were carried out in triplicate and the data shown are
the mean values from 3 separate measurements. Statistical
analysis of the 3 final metal concentration values showed
that the standard deviation was less than 1.5% of the
means.
2.4 Activation of kaolin

Heat activation: Kaolin samples were activated in a
temperature-controlled oven at 110, 200 and 400 oC for 6 h
[31].
ZnCl2 activation: 1420 g ZnCl2 was dissolved in
1300 ml distilled water and kaolin sample was mixed with
this solution for 24 h. After filtration, ZnCl2 activated
samples were dried under nitrogen atmosphere at 750 oC
for 3 h and boiled in 25% HCl solution for 1 h. Kaolin
sample was filtrated once again, washed with distilled
water and dried at 105 oC [32].
NaOH activation: Kaolin samples were exposed to
200 ml of 1 M NaOH for 1 h. Then, they were neutralized
with HNO3, washed with distilled water and dried at 60
o
C for 48 h.
H2SO4 activation: Kaolin samples were exposed to
300 ml of 2M, 4M and 6M H2SO4 solutions separately for
1 h. After filtration, activated kaolin samples were dried
at 110, 200 and 400 oC [31].
Aliquots (100 mg) of heat-, NaOH-, ZnCl2-, H2SO4activated and raw kaolin samples were exposed to 50 ml
of 100 mg L-1 Cr(III), Pb(II), Zn(II) and Co(II) solutions
separately at initial pH 7 for 15 min.

TABLE 1 - Physicochemical properties and chemical composition of kaolin [39].
Physicochemical properties of kaolin
Parameters
Surface area (m2/g)
Density (g/cm3)
pH of the solution
Cation exchange capacity (meq/100 g)

Values
10.73
1.8
7.5-8.0
4.32
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Chemical composition of kaolin
Component
SiO2
Al2O3
Fe2O3
TiO2
CaO
MgO
Na2O
K2 O
SO3

Values
68.85
21.65
0.54
0.28
0.04
0.05
0.08
0.13
0.25
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Loss on ignition (%)
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2.5 Desorption and repeated reuse experiments

Desorption studies were carried out by batch process.
An aliquot (50 ml) of the sample containing 50 mg L1
Pb(II), Cr(III), Zn(II) and Co(II) solutions was treated with
250 mg of kaolin for 20 min. at pH 7. The solution was
then centrifuged and residual metal solutions were analyzed.
The adsorbent was then transferred to another conical flask
and treated with 50 ml of 0.05 M HCl solution. It was then
centrifuged after 20 min. and the concentration of desorbed metals was determined. To determine the re-usability
of kaolin sample, adsorption/desorption cycles were repeated
seven times using the same kaolin sample.
2.6 Adsorption model

The adsorption isotherm indicates how the adsorbate
ions distribute between the liquid and solid phase when
the adsorption process reaches an equilibrium state. The
Langmuir and Freundlich isotherm equations are usually
employed for the liquid-solid systems.
The Langmuir theory assumes that sorption takes places
at specific sites within the adsorbent. This means that once a
metal ion occupies a site, no further adsorption can take
place at that site. Therefore, at equilibrium, a saturation
point is reached beyond which no further adsorption can
occur. The Freundlich model assumes that the sorption takes
place on heterogeneous surfaces, and adsorption capacity
depends on the concentration of metal ions at equilibrium.
The equilibrium data obtained for adsorption of Pb(II),
Cr(III), Zn(II) and Co(II) onto kaolin were analyzed using
linearized Langmuir [33] and Freundlich [34] isotherms
(Eqs. (1) and (2), respectively):
Ce/qe = 1/Qmb + Ce/Qm
(1)
ln (qe) = ln kF + 1/n ln(Ce)
(2)
-1
Where, Ce (mg L ) is the concentration of metal solution at equilibrium, qe (mg g-1) is the amount of metal adsorbed at equilibrium, Qm (mg g-1) is the maximum adsorption capacity. It represents a practical limiting adsorption capacity when the sorbent surface is fully covered
with monolayer sorbate ions, and b (l mg-1) is the adsorption constant related to the free energy of adsorption. The
Qm and b values were calculated from the slopes (1/Qm)
and intercepts (1/bQm) of linear plots of Ce/qe versus Ce.
1/n and kF (mg g-1), which are empirical Freundlich constants, and indicate adsorption capacity and intensity,
respectively. Their values were obtained from the intercepts (lnkF) and slopes (1/n) of linear plots of lnqe versus
lnCe.
2.7 Kinetic modeling

In order to investigate the controlling mechanism of
adsorption process, such as mass transport and chemical
reaction processes, the pseudo-first-order and pseudosecond-order kinetic model is expressed as follows [35]:
ln(qe – qt) = lnqe – k1 t

(3)

Where, k1 is the pseudo-first-order rate constant (min-1)
of adsorption and qe and qt(mg g-1) are the amounts of

metal ions adsorbed at equilibrium and time t (min.),
respectively. The pseudo-first-order considers the rate
of occupation of adsorption sites to be proportional to
the number of unoccupied sites. A straight line of ln
(qe-qt) versus t indicates the application of the first-order
kinetics model. In a true first-order process, ln qe should
be equal to the intercept of a plot of ln (qe - qt) against t.
In addition, a pseudo-second-order equation [36], based
on adsorption equilibrium capacity, may be expressed in the
form:
t/qt = 1/[k2(qe)2] +(1/qe) t
(4)
-1
-1
Where, k2 (g mg min ) is the second-order reaction
rate equilibrium constant. A plot of t/qt against t should
give a linear relationship for the applicability of the second-order kinetic.
2.8 Thermodynamic parameters of adsorption

In environmental engineering practice, both energy
and entropy factors must be considered in order to determine which process will occur spontaneously. The Gibbs
free energy change, ∆Go, is the fundamental criterion of
spontaneity. Reactions occur spontaneously at a given temperature if ∆Go is a negative quantity. The Langmuir coefficient b (L mg-1) was used to calculate the Standard Gibbs
free energy change (∆Go) according to the following equation:
∆Go = - RT lnb

(5)

Where, R is the universal gas constant (8.314 J mol-1
K ), b is the Langmuir constant, and T is the absolute
temperature (K). Changes in free energy (∆Go), enthalpy
(∆Ho) and entropy (∆So) for the adsorption process were
calculated using the Eqs. (5) - (7) [37]:
-1

ln(b2/b1) = -∆Ho/R (1/T2 – 1/T1)
o

o

∆G = ∆H - T∆S

o

(6)
(7)

Where, b1 and b2 are Langmuir constants at temperatures T1 and T2, respectively.
3 RESULTS AND DISCUSSION
3.1 Effect of contact time on metal uptake

Contact time is one of the important parameters for
successful deployment of the adsorbents for practical
application and rapid sorption is among desirable parameters [38]. Figure 1 indicates the Pb(II), Cr(III), Zn(II) and
Co(II) uptake by kaolin as a function of contact time at a
temperature of 293 K.
The maximum adsorption capacities were determined
to be 22.39 mg g-1 for Cr(III), 22.36 mg g-1 for Pb(II) in
20 min., 22.07 mg g-1 for Zn(II) and 21.61 mg g-1 for
Co(II) in 30 min.
As seen in Fig. 1, the adsorption of lead, chromium,
zinc and cobalt on kaolin occurs quickly and is not a very
time-dependent process. Equilibrium is attained in 20-30,
and there is not much difference between 1 and 30 min.
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This rapid rate of metal uptake by kaolin has a significant
importance for applications in small reactor volumes.
Thus, it gives economical and effectiveness advantages.

adsorption increases from 0 to 100% as the pH is increased from 1 to 7. For this reason, pH 7 was selected for
future experiments. After adsorption experiments, it was
found that the differences between initial and final pH
values of metal solutions were generally less than 0.8 pH
units. Therefore, initial and equilibrium pH of the solution
were accepted to be approximately identical. The decrease
in adsorption with the increase in H+ ion concentration
indicates that the adsorption process is via ion exchange.

Adsorbed	
  m etal	
  (mg	
  g-‐1 )

25
20

15
Pb(II)
Cr(III)
Zn(II)
Co(II)

10

5

3.3 Adsorption kinetics modeling

In order to analyze the adsorption kinetics of metals,
the pseudo-first-order and pseudo- second-order kinetic
models were applied to data. The pseudo-second-order
model was perfectly fitting to the experimental data. The
comparison of experimental adsorption capacities and the
theoretical values estimated from the above two models
are presented in Table 2. The theoretical qe values estimated from the first-order kinetic model gave significantly different values with regard to the experimental values,
and the correlation coefficients were also found to be
lower. These results indicate that the first-order kinetic
model does not describe adsorption of Pb(II), Cr(III),
Zn(II) and Co(II) by kaolin. The correlation coefficients
for the linear plots of t/qt against t for the second-order
equation are 1 for all the studied metals for a contact time
of 60 min. The theoretical qe values for lead, chromium,
zinc and cobalt were very close to the experimental qe
values in the case of second-order kinetics (Table 2).

0
0

20

40

60

80

Time	
  (min.)
FIGURE 1 - Effect of contact time on metal uptake (adsorbent
weight: 150 mg per 50 ml, initial pH 7, initial metal concentration:
80 mg L-1, temperature: 293 K).
3.2 Effect of pH on metal uptake

The pH of the aqueous solution is one of the important controlling parameter in the adsorption process.
The variations in the adsorption of lead, chromium, zinc
and cobalt were studied within the pH range 1-8. The
results for this range are given in Fig. 2.

Adsorbed	
  m etal	
  (mg	
  g-‐1 )

5
4

3.4 Effect of initial metal concentration on metal uptake

3

The initial concentration provides an important driving force to overcome all mass transfer resistances of the
metal ions between the aqueous and solid phases. The
influence of initial metal concentration on adsorption is
shown in Fig. 3. When the initial metal concentration was
increased from 2 to 100 mg L-1, the percentage of metals
adsorbed decreased from 100 to 83.86% for Pb(II), from
100 to 85.95% for Cr(III), from 100 to 85.44% for Zn(II),
and from 100 to 81.02% for Co(II) while equilibrium
adsorption capacity of the kaolin showed the opposite
trend. When the initial metal concentration was increased
from 2 to 100 mg L-1, the loading capacity of kaolin increased from 0.67 to 27.95 mg g-1 for Pb(II), from 0.67 to
28.65 mg g-1 for Cr(III), from 0.67 to 28.48 mg g-1 for
Zn(II), and from 0.67 to 27.01 mg g-1 for Co(II).

Pb(II)
Cr(III)
Zn(II)
Co(II)

2

1
0
0

2

4

6

8

10

Initial	
  pH

FIGURE 2 - Effect of pH on metal adsorption uptake (adsorbent
weight: 150 mg per 50 ml, temperature: 293 K, contact time: 20
min. for Pb(II), Cr(III), Zn(II) and 40 min. for Co(II), initial Pb(II)
and Cr(III) concentrations: 10 mg L-1, initial Zn(II) and Co(II)
concentrations: 5 mg L-1).

At lower pH values, the H+ ions compete with metal
cations for the exchange sites of the system. The amount

TABLE 2 - Theoretically determined constants of pseudo-first and second order reaction kinetics based on adsorption of metals from 80 mg
L-1 metal solutions (pH 7) by 150 mg kaolin per 50 ml for 60 min.

Metal

Experimental qe
(mg g-1)

Cr(III)
Pb(II)
Zn(II)
Co(II)

22.389
22.363
22.072
21.605

Pseudo-first-order
k1
qe
(min-1)
(mg g-1)
0.0254
1.592
0.0299
1.562
0.0315
1.446
0.0282
1.335

R

2

0.6466
0.6652
0.6578
0.7051
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Pseudo-second-order
k2
(g mg-1 min-1)
0.188
0.169
0.177
0.201

qe
(mg g-1)
22.523
22.472
22.173
21.690

R2
1
1
1
1
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FIGURE 3 - Effect of initial metal concentration on metal uptake
(weight of adsorbent: 150 mg per 50 ml, initial pH: 7, contact time:
15 min for Pb(II) and Cr(III), 30 min for Zn(II) and Co(II), temperature: 293 K).

FIGURE 4 - Non-linearized adsorption isotherm of heavy metals
obtained at different temperatures (weight of adsorbent: 150 mg per
50 ml, initial pH: 7, initial metal concentration: 20-100 mg g-1, contact time: 15 min).

3.5 Adsorption isotherms

Adsorption capacity decreased from 30.89 to 29.76 mg
g-1 for Cr(III), 30.49 to 29.24 mg g-1 for Pb(II), from 30.30 to
28.09 mg g-1 for Zn(II), and from 27.70 to 25.71 mg g-1 for
Co(II) as the temperature increased from 293 to 313 K. The
value of Langmuir constant b also decreased with increasing temperature for Cr(III) and Pb(II), thereby suggesting
that the studied metals exhibited higher affinity for kaolin
at lower temperature than at higher one but the value of
Langmuir constant b increased with increasing temperature for Zn(II) and Co(II).

The adsorption isotherm indicates how the adsorbate
ions distribute between the liquid and the solid phase when
the adsorption process reaches an equilibrium state. The
analysis and design of adsorption process requires equilibrium data. Figure 4 shows the experimental isotherms for
the adsorption of Pb(II), Cr(III), Zn(II) and Co(II) onto
kaolin at two different temperatures. With the data in Fig. 4,
the Langmuir and Freundlich equations were employed to
study the adsorption isotherm of these metals.
The Langmuir model could reasonably fit the data well
with a correlation coefficient value in the range 0.99630.9996 suggesting that it is a monolayer adsorption process. In view of the values of linear regression coefficients in Table 3, the Freundlich model exhibited a slightly
worse fit to the adsorption data of metals than the Langmuir
model in the studied concentration and temperature ranges.

3.6 Thermodynamic analyses of adsorption isotherm data

As shown in Table 4, the negative values of ∆Go confirmed the feasibility of the adsorption process at each temperature and the spontaneous nature of adsorption with a
high preference of Pb(II), Cr(III), Zn(II) and Co(II) onto
kaolin. The negative and positive values of enthalpy change

TABLE 3 - Langmuir and Freundlich model parameters under different temperature conditions.
Metal
Cr(III)
Pb(II)
Zn(II)
Co(II)

Adsorption
temperature (K)
293
313
293
313
293
313
293
313

Langmuir constants
Qm
b x 10-3
(mg g-1)
(l mg-1)
30.89
117.79
29.76
78.70
30.49
209.76
29.24
188.97
30.30
48.06
28.09
50.17
27.70
44.51
25.71
47.96

R2
0.9969
0.9987
0.9963
0.9974
0.9988
0.9992
0.9996
0.9988

Freundlich constants
kF
1/n
(mg g-1)
15.52
0.2836
14.87
0.2708
12.77
0.3373
11.95
0.3259
11.29
0.3654
10.70
0.3416
10.45
0.3437
10.05
0.3244

R2
0.9979
0.9874
0.9677
0.9479
0.9779
0.9583
0.9438
0.9244

TABLE 4 - Thermodynamic parameters for the adsorption of metals onto kaolin as function of temperature.
Metal
Cr(III)
Pb(II)
Zn(II)
Co(II)

Adsorption temperature (K)
293
313
293
313
293
313
293
313

∆Ho (kJ/mol)
-15.38
-3.98
1.64
2.85
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∆Go (kJ/mol)

∆So (J/mol K)

-28.45
-29.34
-29.85
-31.62
-26.26
-28.17
-26.08
-28.05

44.61
44.61
88.30
88.30
95.22
95.22
98.71
98.71
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TABLE 5 - Effects of heat, NaOH, ZnCl2, and H2SO4activation of kaolin on metal uptake.
Activation procedure
Raw kaolin
Heat activation at 110 oC
Heat activation at 200 oC
Heat activation at 400 oC
NaOH activation
ZnCl2 activation
2M H2SO4 activation, 110 oC
4M H2SO4 activation, 110 oC
6M H2SO4 activation, 110 oC
2M H2SO4 activation, 200 oC
4M H2SO4 activation, 200 oC
6M H2SO4 activation, 200 oC
2M H2SO4 activation, 400 oC
4M H2SO4 activation, 400 oC
6M H2SO4 activation, 400 oC

Adsorption capacity (mg g-1)
Cr(III)
Pb(II)
43.444
42.921
43.244
42.700
43.013
42.500
42.352
41.269
45.595
45.569
45.898
45.872
44.244
44.423
44.396
44.370
44.447
44.421
44.118
44.092
44.237
44.212
44.393
44.367
44.062
44.037
44.179
44.152
44.393
44.392

confirmed both exothermic and endothermic nature of the
adsorption process for the studied metals. Positive values
of ∆So suggested good affinity of Cr(III), Pb(II), Zn(II)
and Co(II) towards the adsorbent.

Zn(II)
42.400
42.376
41.948
41.192
45.544
45.848
44.194
44.344
44.395
44.067
44.187
44.341
44.017
44.126
44.366

Co(II)
41.944
41.800
41.648
40.998
45.520
45.824
44.164
44.343
44.369
44.037
44.157
44.311
43.986
44.095
44.336

wise, disposal of the waste and fresh sorbents are required. In the desorption studies, 0.05 M HCl was used as
desorption agent. Figure 5 shows the data of repeated adsorption/desorption cycles for Cr(III), Pb(II), Zn(II) and
Co(II) ions after 7 cycles.

3.7 Effect of heat, NaOH, ZnCl2, and H2SO4 activation of kaolin on metal uptake

To increase metal uptake capacity of kaolin, different
activation procedures were carried out. The results are
shown in Table 5.
As seen in Table 5, metal uptake capacity was decreased from 43.444 to 42.352for Cr(III), from 42.921 to
41.269 for Pb(II), from 42.400 to 41.192 for Zn(II) and
from 41.944 to 40.998 for Co(II) with increase of kaolin
activation temperature from 0 to 400 oC. A similar observation has been reported, where adsorption was decreased
due to heat activation of clay; it was reduced by increasing micropore volume [31, 24].
Metal uptake capacity of raw kaolin was increased by
both NaOH and ZnCl2 activation. ZnCl2 activation of kaolin was more effective than NaOH activation for all studied
metals. Cr(III) uptake capacity was increased by 4.95% and
5.65% with NaOH and ZnCl2 activation, respectively, and
similarly, 6.17% and 6.88% for Pb(II), 7.42% and 8.13%
for Zn(II), 8.53% and 9.25% for Co(II). A similar observation has been reported, where adsorption capacity was
increased by ZnCl2 activation due to the increasing micropore volume of clay [32, 24].
Metal uptake capacity of kaolin was increased with
the increasing concentration of H2SO4 from 2 to 6M for
all studied metals. However, with the increasing drying
temperature of H2SO4-activated kaolin from 110 to 400 oC,
Cr(III), Pb(II), Zn(II) and Co(II) uptake capacity was decreased. The biggest uptake capacity was observed with
6M H2SO4 and 110 °C drying temperature for all studied
metals.
3.8 Desorption and reuse in experiments

To be a good sorbent for metal removal, a metalloaded sorbent should be able to be regenerated; other-

FIGURE 5 - Adsorption capacity of the kaolin towards Cr(III),
Pb(II), Zn(II) and Co(II) ions during repeated adsorption/ desorption cycles (weight of adsorbent: 250 mg per 50 ml, initial metal
concentration: 50 mg L-1, pH: 7, contact time: 20 min).

The data in Fig. 5 show that there is a slight decrease
in the adsorption capacity of kaolin with progressing cycles. At the end of 7 regeneration cycles, metal uptake
capacity of kaolin was only decreased by 4.04% for Cr(III),
3.07% for Pb(II), 3.06% for Zn(II), and 2.95% for Co(II).
Hence, we can infer that kaolin can be used repeatedly without sacrificing its adsorption capacity towards Cr(III), Pb(II),
Zn(II) and Co(II) ions.
4 CONCLUSIONS
In this study, the adsorption behavior of Cr(III), Pb(II),
Zn(II) and Co(II) ions onto kaolin has been investigated
with variations in parameters of pH, contact time, initial
metal concentrations and temperatures. According to Langmuir model, the maximum adsorption capacity of kaolin
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was found to be 30.89 mg g-1 for Cr(III), 30.49 mg g-1 for
Pb(II), 30.30 mg g-1 for Zn(II) and 27.70 mg g-1 for Co(II)
under optimum conditions of pH 7 and a contact time of
15 min at 293 K. The Langmuir and Freundlich adsorption models were used for the mathematical description of
the adsorption equilibrium of Cr(III), Pb(II), Zn(II) and
Co(II) ions to kaolin depending on temperature. The adsorption ability of kaolin decreases in the order Cr(III) >
Pb(II) > Zn(II) > Co(II). The equilibrium data fitted well
to the Langmuir model in the studied concentration range at
both temperatures studied. Kinetic studies indicated that the
adsorption reaction follows the pseudo-second-order kinetics. Thermo dynamical parameters revealed that the adsorption of Cr(III), Pb(II) was exothermic in nature, and that of
Zn(II) and Co(II) was endothermic in nature. Negative
values of ∆Go indicated that the adsorption process was
favorable and spontaneous in nature. Positive values of
∆So suggested good affinity of Cr(III), Pb(II), Zn(II) and
Co(II) towards the adsorbent. Desorption efficiency was
found to be almost 96-98%, and the adsorption/desorption
cycle was able to be maintained up to 7 times with almost
constant adsorption/desorption efficiencies. The adsorption capacities of kaolin decreased in the order ZnCl2
activation > NaOH activation > H2SO4 activation > native
kaolin.
This study confirmed that kaolin, a low-cost and easily available material, could remove Cr(III), Pb(II), Zn(II)
and Co(II) ions from aqueous solutions. The results would
be useful to design recovery plants for heavy metalcontaining waste.
The authors have declared no conflict of interest.
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DETERMINATION OF PALLADIUM IN
ANODIC SLIME AND WASTE WATERS BY FLAME
AAS AFTER PRECONCENTRATION SEPARATION
Mustafa Soylak* and Recep Altin
Erciyes University, Faculty of Sciences, Department of Chemistry, 38039 Kayseri, Turkey

ABSTRACT
A preconcentration-separation procedure based on coprecipitation of palladium with thulium(III) hydroxide has
been established prior to its flame atomic absorption spectrometric detection. The analytical parameters which are
efficient on the quantitative recoveries of palladium were
investigated. Palladium(II) ions was quantitatively recovered at pH 7.5 with 2.25 mg of thulium(III). The concomitant ions have not interference effect on the recoveries of
palladium(II). The preconcentration factor was calculated
as 150. The detection limit of the presented method was
calculated as 1.5 µg/L. The method was successfully applied to the determination of palladium contents of anodic
slime and waste waters.

KEYWORDS: Flame atomic absorption spectrometry, Palladium,
Thulium hydroxide, Anodic slime.

1. INTRODUCTION
The usage of palladium are increasing especially in exhaust catalyst in industry since it is cheaper and less sensitive to catalyst poisons than platinum [1-3], and in electrical and corrosion resistance. The automotive catalytic converter became the main emission source of Pd into the environment [1, 2, 4]. The development of analytical procedures for the determination of palladium is of great importance for critical evaluation of its possible risks [2, 5,
6]. Analytical chemists are focused on the accurate and
precise determination of this element due to these importances [7-11]. Because of the lower level of palladium
than the detection limit of instrumental techniques and
interference effects of matrix constituents of real environmental samples, generally separation-enrichment procedures are necessary for the determination of palladium [1217]. These procedures are generally solid phase extraction,
electro analytical techniques, microextraction, cloud point
* Corresponding author

extraction, membrane filtration and coprecipitation,
etc. [18-24].
Coprecipitation is also one of the separation-preconcentration techniques to trace heavy metal ions [2528]. Several analyte ions could be preconcentrated from
the matrix and inorganic or organic coprecipitants can be
used as efficient collectors of analytes. Metal hydroxides
are useful precipitants for preconcentration and separation
of heavy metal ions [29-32]. Thulium hydroxide is also
one of the coprecipitant for the enrichment and separation
of metal ions at trace levels which are firstly used for that
purpose by our research group [33, 34]. To the best of our
knowledge, no such studies on the coprecipitation by using
thulium hydroxide for palladium have been reported.
In the present work, a coprecipitation scheme has
been presented to trace palladium in anodic slime and
wastewater samples by using thulium hydroxide precipitate. The conditions for quantitative coprecipitation of
palladium on the thulium(III) hydroxide precipitate including
pH, thulium(III) amounts, sample volume etc. were optimized.
2. MATERIALS AND METHODS
2.1. Instruments

A Perkin-Elmer Model 3110 atomic absorption spectrometer equipped with a 10-cm air-acetylene burner was
used for the determination of palladium. All instrumental
parameters were those recommended in the manufacturer’s
manual book. A pH meter, Sartorius PT-10 Model with
glass-electrode was employed. ALC PK 120 model centrifuge was used to centrifuge the solutions. Reverse osmosis water (Milli-Q Millipore 18.2 MΩcm-1 resistivity) was
used.
2.2. Reagents and Solutions

All chemicals used were of analytical reagent grade.
All glassware and plastic materials used were soaked in
10% (v/v) nitric acid solution for one day before use and
were then cleaned repeatedly with distilled/deionized water.
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0.3% solution of thulium (III) solution was prepared
freshly by dissolving thulium(III) oxide (Merck, Darmstadt, Germany) in small amounts of nitric acid and diluting to 50 mL with reverse osmosis water. Working solutions of palladium were prepared by diluting a stock solution of 1000 mg L-1 of the palladium, supplied by Sigma
and Aldrich (St. Louis, MO, USA).
2.3. Model Working

2.25 mg of thulium(III) was added to 15 mL of solution containing 10 µg of palladium(II). Then the pH was
adjusted to related pH with diluted sodium hydroxide.
After 5 min., the solution was centrifuged at 3000 rpm for
4 min. The supernatant was removed. The precipitate on
the tube was dissolved with 2 mL of 2.0 mol/L HNO3. The
levels of analyte metals were determined by flame AAS.
2.4. Analysis of real samples

Anodic slime directly was dried at 110°C for 2 h. A
200 mg amount of sample was decomposed with 16 mL of
aqua regia and the solution was evaporated to dryness. This
process was repeated twice. Ten milliliters of distilled
water were added to the residue. The suspension was
filtered through blue band filter paper (Advantec Toyo
5A), and the insoluble part was washed with water. The
final solution was diluted to 25 ml with water. Then, the
general procedure was applied to the final solutions.
1.0 liter of industrial waste-water sample from Kayseri (Turkey) was collected in polyethylene bottles prewashed with detergent, reverse osmosis water, diluted
HNO3, and reverse osmosis water, respectively. Before the
analysis, the pHs of 100 ml sample were adjusted to 7.5
and then, the general procedure was applied to the final

solutions. The final volume was 2 mL. The level of palladium was determined by FAAS.
3. RESULTS AND DISCUSSION
3.1. Effects of pH

The relations between pH and quantitative coprecipitation of palladium on the thulium hydroxide precipitate
were investigated in the pH range of 2.0-12.0 by using
model solutions. The results are given in Figure 1. In the
pH range of 6.0-9.0, palladium was quantitatively recovered on the thulium hydroxide precipitate. pH 7.5 was
selected as optimal pH in the following experiments.
3.2. Influences of amounts of thulium(III)

The influences of thulium(III) amounts on the coprecipitation of palladium were also examined in the
range of 0-3.75 mg. The recoveries of palladium(II) were
not quantitative without thulium(III). Quantitative recovery
values for palladium(II) were obtained with 2.25 mg of
thulium(III). All further experiments were performed by
using 2.25 mg of thulium(III).
3.3. Centrifugation

The influences of the centrifugation time on the recoveries of palladium(II) ions were investigated in the
centrifugation time range of 1-10 minutes. After four
minutes, the quantitative recoveries were obtained. All
further works were performed with 4 minutes as centrifugation time.
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FIGURE 1 - The recovery values for palladium as a function of pH on thulium hydroxide precipitate (N=3)
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FIGURE 2 - Effect of sample volume of thulium(III) on the coprecipitation efficiency of analyte ions (N=3)

The effects of centrifugation speed on the recovery values were also investigated in the range of 1000-5000 rpm.
The quantitative recovery values were obtained in the
range of 3000-5000 rpm range. 3000 rpm was selected as
optimal centrifugation speed.

The relative standard deviation for flame atomic absorption spectrometric detection for palladium is generally
lower than 5% in the model solutions. The detection limit,
defined as the concentration equivalent to 3 times the
standard deviation (n=10) of the reagent blank was 1.5
µg/L.

3.4. Sample volume

Volume of the sample is an important factor to obtain
a high preconcentration factor [35-42]. The influences of
the sample volume on the recoveries of palladium(II)
were studied in the sample volume range of 10-1000 mL
(Figure 2). Palladium(II) was quantitatively (95 %) recovered in the sample volume range of 25-300 mL.
The thulium hydroxide coprecipitate that contained
palladium(II) ions can be easily dissolved by using 2-10
ml of 2.0 mol/L HNO3 and quantitative recoveries were
obtained. A preconcentration factor of 150 can be achieved
when the sample volume and final volume were 300 mL
and 2.0 mL, respectively.

TABLE 1 - Tolerance levels of the concomitant ions on the recoveries of analyte ions (N=3)
Ion

Added as

Na+
K+
Fe+3
Cu+2
Zn+2
Cd+2
ClSO4-2
CO3-2

NaNO3
KCl
Fe(NO3)3
Cu(NO3)2.3H2O
Zn(NO3)2
Cd(NO3)2 4 H2O
KCl
Na2SO4
NaCO3-2

Tolerance limit
(mg/L)
5000
1500
50
200
50
50
1500
5000
500

3.7. Applications
3.5. Influences of some cations and anions

The effects of matrix components such as 1A and 2A
group elements of real samples are problematic point on
the flame atomic absorption spectrometric detection of
metals [43-48]. The influences of some cations and anions
on the quantitative recoveries of palladium(II) were also
investigated by using model solutions. The tolerable level
of some cations and anions on the recoveries of palladium(II) are given in Table 1. These levels are enough to
application of the presented procedure to real samples for
separation and preconcentration of palladium.
3.6. Detection limit

The presented coprecipitation procedure was successfully applied to determination of palladium in an anodic
slime samples from Kayseri (Turkey) and an industrial
water sample from Kayseri (Turkey) with additionrecovery tests. The results are summarized in Table 2.
The recoveries for palladium(II) from these samples were
TABLE 2 - Analysis of anodic slime and waste water samples for
palladium (N=4)
Industrial wastewater
Added (µg)
0.0
10.0
15.0

2908

Found (µg)
GSA
10.5 ± 0.4
15.3 ± 0.4

Recovery, %
105
102
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Anodic slime
Added (µg)
0.0
10.0
15.0

Found (µg)
1.8 ± 0.2
12.1 ± 0.8
16.3 ± 0.2
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Samples. Pakistan Journal of Analytical & Environmental Chemistry 12, 42-48.

Recovery, %
103
97

higher then 95%. These results were confirming the accuracy of the coprecipitation procedure and the absence of
matrix effects.

[7]

Godlewska-Zylkiewicz, B. (2008) Slurry sampling electrothermal
atomic absorption spectrometric determination of palladium in
water using biosorption with inactive baker's yeast Saccharomyces cerevisiae. International Journal of Environment and Pollution 34, 140-150.

[8]

Pan, L., Qin, Y.C., Hu, B. and Jiang, Z.C. (2007) Determination
of nickel and palladium in environmental samples by low temperature ETV-ICP-OES coupled with liquid-liquid extraction
with dimethylglyoxime as both extractant and chemical modifier.
Chemical Research in Chinese Universities 23, 399-403.

[9]

Ghaedi, M., Shokrollahi, A., Niknam, K., Niknam, E., Najibi, A.
and Soylak, M. (2009). Cloud Point Extraction and Flame Atomic Absorption Spectrometric Determination of Cadmium(II),
Lead(II), Palladium(II) and Silver(I) in Environmental Samples.
Journal of Hazardous Materials 168, 1022-1027.

4. CONCLUSION
A simple and sensitive separation, preconcentration
and speciation procedure combined with FAAS for palladium was established in the present work. Thulium(III) was
selected as carrier element at basic media to obtain thulium(III) hydroxide precipitate for coprecipitation of palladium(II) ions. No matrix interferences from the various
foreign ions and chemical reagents were observed. The
method was successfully applied for the determination of
palladium contents of various solid/liquid samples with a
low detection limit.
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ABSTRACT
We have used human peripheral blood lymphocytes
and cultured human embryonic kidney (HEK293) cells to
study the possible genotoxic potential of different nanosized
silicium dioxide or silica nanoparticles (SiO2 NPs), namely,
6, 15, 30 and 55 nm, and ions with a modified alkaline
comet assays with and without the formamidopyrimidineDNA N glycosylase (Fpg) and endonuclease III (Endo III)
enzymes. Modifications to the comet assay by using lesion-specific endonucleases, such as Fpg and Endo III,
can detect DNA bases with oxidative damage. SiO2 NPs
were supplied to human cells treated in vitro at concentrations ranging from 1 to 100 µg/ml. Our results show a statistically significant induction in the DNA damage was observed by the comet assay with and without the Fpg and
Endo III enzymes in human cells exposed to the highest
concentration (100 µg/ml) of different nanosized SiO2 NPs.
As well as, a dose-dependent relationship increase in the
DNA damage from the treated cells was observed. Fpg
treatment detected more oxidative DNA damage (specifically purine damage) in the different nanosized SiO2 NPs
and ions exposed to both human cell cultures compared to
no enzyme treatment (enzyme buffer only). This is the first
study reporting genotoxicity data in these human cells for
the different nanosized SiO2 NPs.

KEYWORDS: Silica nanoparticles, genotoxicity, alkaline comet
assay, oxidative base modification, human embryonic kidney
cells, human peripheral blood lymphocytes

1 INTRODUCTION
The nanotechnology industry, a rapidly growing industry, can have substantial impacts on economy, society
and environment. Nanomaterials are defined by their small
size (<100 nm) and their novel physicochemical properties
that are increasingly exploited by different research and
* Corresponding author

economical fields. Among nanomaterials, different metal
nanoparticles (NPs) are already commercially available
for several applications. This means that such nanomaterials are spread into the environment and, in this way, human
exposure certainly occurs. The important biological reactivity of nanometals, in comparison with their corresponding bulk materials, may also suppose an increased toxicity, both systemic and on the genetic material. Thus, the
ultra small size and unique properties of nanomaterials
have led to increasing concerns about their potential toxicological risk. For that reason, nanotoxicology and nanogenotoxicology are increasing as a novel field, looking for
the potential toxicity of nanomaterials as well as for their
mechanisms of action [1-3].
In addition to the general toxicological profile of
nanomaterials, it is important to obtain information on their
potential interactions with DNA, due to the important role
that genetic damage may play in human health. It must be
remembered that genotoxic damage is linked to cancer
development as well as to other adverse health effects, including fertility problems and genetic disorders in subsequent generations, if germinal cells are damaged. For all
these reasons, genotoxicity studies of nanomaterials are
required to have a complete and comprehensive view of
the risks associated with nanomaterial exposure [1, 2].
SiO2 NPs are used as food additive in many processed
foods, in pharmaceutical drug tablets, glass, electronics
and as hydrophobic anticancer drug [4, 5]. SiO2 NPs induces inflammatory and oxidative stress responses both in
vivo and in vitro [6-8], but cytotoxicity are only observed
at high concentrations [9, 10]. Respirable crystalline SiO2
NPs has been classified as a human lung carcinogen [11].
Ultrafine SiO2 NPs may be important in carcinogenesis.
Wang et al. [11, 12] demonstrated that ultrafine SiO2 NPs
are cytotoxic and genotoxic in cultured human cells. SiO2
NPs also have an impact on nuclear integrity by forming
intranuclear protein aggregates that can lead to inhibition
of replication, transcription and cell proliferation [13].
An important aspect of toxicity and genotoxicity
studies is the selection of the testing system. In vitro approaches with human cultured cells are often used because they could reduce, refine and replace animal meth-
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ods [14]. SiO2 NPs and the ionic form have been tested
using the single-cell gel electrophoresis (SCGE) assay or
comet test, which is a very simple, rapid, and sensitive
technique for measuring DNA damage [15-17]. It can detect DNA damage frequencies of less than 1 in 107 bases
[18], DNA single and double-strand breaks, incomplete
excision repair and alkali-labile sites.
In addition, comet assay modification using bacterial
enzymes enables using the assay to detect oxidized DNA
bases [19, 20]. Such enzymes act as glycosylases, recognizing a variety of oxidized pyrimidines [endonuclease III,
(EndoIII)], or modified purines [formamidopyrimidine DNA
glycosylase, (FPG)], inducing apurinic/apyrimidinic (AP)
sites that are resolved as single-strand breaks (SSB) [21].
Our previous studies have demonstrated the genotoxic
activity of cobalt (Co) NPs (<50 nm) and silver (Ag) NPs
(<60 nm) in Drosophila melanogaster by using the wing
somatic mutation and recombination test [22, 23]. In this
study, we have selected four different SiO2 NPs because
of their industrial interests. In spite of their use in biology
and medicine, data on the potential genotoxic effects of
SiO2 NPs are still missing or sparse. Therefore, to elucidate
the possible genotoxic potential risk associated with exposure to different nanosized SiO2 NPs and ions, we have
evaluated their genotoxicity in human peripheral blood
lymphocytes and cultured human embryonic kidney
(HEK293) cells by detecting the induction of DNA damage
in these cells.
2 MATERIALS AND METHODS
2.1 Human embryonic kidney (HEK293) cells and lymphocyte
cultures

The human embryonic kidney (HEK293) cell line
was obtained from the American Type Culture Collection
(ATCC, Manassas, VA). This cell line has been used extensively for mutagenicity and other genotoxicity studies,
including both the comet and the micronucleus (MN) assays [24-26].
The HEK293 cells, which were at the early stage of the
carcinogenesis [27], were grown at 37 °C in a 5% CO2
atmosphere, and were routinely maintained in Dulbecco’s
Modified Eagle Medium (DMEM; ingredients: 1 g/L Dglucose, 2 mM L-glutamine, 1 mM sodium pyruvate) supplemented with 10% heat-inactivated foetal bovine serum
(Sigma F 9665), 100 U/ml penicillin, and 100 µg/m. streptomycin.
Human peripheral blood lymphocytes were obtained
from one young non-smoking healthy male donor (24-year
old). Venous blood was collected in heparinized tubes. The
study was performed in accordance with the declaration of
Helsinki and with the approval by Akdeniz University ethical committee.

bovine serum (FBS), penicillin/streptomycin solution, low
melting-point agarose (LMA), normal melting-point agarose (NMA), trisma base, ethidium bromide (EtBr), fluorescein diacetate (FDA), N-lauroylsarcosine sodium salt
solution, endonuclease III (Endo III), formamidopyrimidine
DNA glycosylase (Fpg), EDTA disodium salt dehydrate,
phosphate-buffered saline solution without Ca+2, Mg+2
(PBS), HEPES, potassium chloride (KCl), bovine serum
albumin (BSA), triton X-100, sodium chloride (NaCl), and
sodium hydroxide (NaOH) were obtained from Sigma
Chemical Co. (St. Louis, MO), and ethyl methanesulfonate
(EMS) was purchased from Sigma-Aldrich (St Louis, MO,
USA).
The physical characteristics of different nanosized SiO2
NPs, according to the manufacturer, are: for 6 nm, density
(1.1 g/cm3), surface area (min. 450 m2/g); for 15 nm, density
(1.205 g/cm3), surface area (200 m2/g); for 30 nm, density
(1.343 g/cm3), surface area (100 m2/g), and for 55 nm,
density (1.39 g/cm3) and surface area (50 m2/g). To confirm such characteristics, further characterization of SiO2
NPs was carried out by using transmission electron microscopy (TEM), dynamic light scattering (DLS) and laser Doppler velocimetry (LDV) methodologies. TEM methodologies
used were carried out on a JEOL JEM-2011 instrument to
determine size and morphology. DLS and LDV were performed on a Malvern Zetasizer Nano-ZS zen3600 instrument for the characterization of hydrodynamic size and
zeta potential; for these measures SiO2 NPs were dispersed
in distilled water. The different concentrations to be assayed in the genotoxicity study were prepared in distilled
water and by sonication. Distilled water was used as negative control, while 4 mM EMS dose was used as a positive
control [16, 17]. SiO2 NPs were subjected to ultrasonication
(S-250D, Branson Sonifier, USA) at 20 kHz for 16 min in
an ice-cooled bath prior to addition to culture media.
Silica or silicium dioxide (SiO2, CAS No: 7631-86-9)
was also provided by Sigma-Aldrich, to compare the effects of the ionic versus nano-particulated forms.
2.3 Cell viability assay

After exposure, cell viability was evaluated as quickly
as possible, with a mix of fluorescein diacetate (FDA) and
ethidium bromide (EtBr) [28]. Cells were stained with a 1:1
solution of 80 µg/ml FDA plus 50 µg/ml EtBr and observed under a fluorescence microscope (Nikon Eclipse
E200) with an excitation filter of 488 nm (blue light).
Living cells were stained in green while dead cells exhibit
their nucleus stained in orange. Survival percentage was
obtained dividing the number of living cells by the total
number of cells [28]. Two hundred cells were scored for
viability in each treatment. More than 70% of cells were
viable in the applied treatments, which agree with the
conditions required in the comet assay [29].

2.2 Chemicals

2.4 Comet assay

Silicium dioxide (SiO2) or silica NPs (CAS No: 763186-9, 99% purity), DMEM, L-glutamine solution, fetal

The comet assay was performed by HEK293 cells and
isolated lymphocytes. HEK293 cell cultures were centri-
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fuged at 500g for 3 min, and the pellet was re-suspended
in DMEM (106 cell in 1 ml). At the beginning of lymphocytes isolation, 100 µl of the blood was taken each in
Eppendorf tubes. One ml of phosphate buffered saline (PBS,
1 X) was added and tubes were placed on ice for 20 min.
One hundred µl of lymphopreb (Biocoll-separating solution) were added to the tubes and centrifuged at 1060 rpm
for 3 min at 4 oC. One hundred µl of isolated lymphocytes
were taken and mixed with 100 µl PBS. Each SiO2 NPs
was dissolved in distilled water, and three concentrations
of each SiO2 NP were tested. Aliquots of 10 µl of each
solution were added to the cultures for 1 h at 37 °C. An
aliquot of 10 µl EMS (4 mM) was included as positive
control, and 10 µl of vehicle (distilled water) was used as
negative control.
The assay was performed as previously described by
Singh et al. [30] with minor modifications according to
our laboratory conditions. Cell samples (~40,000 cells in
20 µl) were carefully re-suspended in 75 µl of 0.75%
LMA prepared in PBS. The cells and agarose were gently
mixed by repeated pipetting, and layered onto microscope
slides pre-coated with 0.75% NMA (dried for 25 min).
The slides were immediately covered with cover slips and
kept on ice for 5 min to solidify the agarose. After solidification, the cover slips were removed and 75 µl of molten 0.75% LMA prepared in PBS was spread onto the
slides. The slides were again covered with cover slips and
kept on ice for 5 min. Then, the cover slips were removed
and the slides were immersed in cold, freshly made lysing
solution for 2 h at 4 °C in a dark chamber. To avoid additional DNA damage, the next steps were performed under
dim light. Slides were placed for 40 min in a horizontal
gel-electrophoresis tank filled with cold electrophoresis
buffer to allow DNA unwinding. Electrophoresis was carried out in the same buffer for 30 min at 25 V (1 V/cm) and
300 mA. To avoid additional DNA damage due to stray
light, all these steps were performed under dim light. The
unwinding and electrophoresis were done at 4 °C. After
electrophoresis, slides were neutralized with three washes
of 5 min in fresh chilled with 400 mM Tris buffer (pH
7.5), fixed with absolute ethanol for 3 min, and stored in
the dark at room temperature until scoring. Just before
microscopic analysis, the slides were stained with 60 µl of
ethidium bromide (EtBr) solution (60 µg/ml) for 10 min
and covered with a cover slip. For the visualizing of DNA
damage, slides were examined at 400x magnification using
a fluorescence microscope (Nikon Eclipse E200) connected
to a CCD camera and an image analysis system (Comet
assay IV version 4.11, Kinetic Imaging, UK). In this study,
two independent experiments were conducted. And, 100
randomly selected cells (50 cells on each one of the two
replicate slides) were analyzed for each experiment. All
the values were obtained from the means ± standard error
of two independent experiments. So, we counted totally
200 cells for each concentration. The percentage of DNA
in the tail was used to evaluate DNA damage. The cells
with no head or a dispersed head were regarded as apoptotic cells and were not included in the analysis.

2.5 Detection of induced oxidative damage

To determine the induction of oxidized bases, all concentration per each SiO2 NP and the ionic form was evaluated. After lysis, slides were washed three times (5 min,
4 °C) in a enzyme buffer solution (40 mM HEPES, 0.1 M
KCl, 0.5 mM EDTA, 0.2 mg/ml BSA, pH 8.0). Then,
aliquots of 100 µl of buffer containing the bacterial enzymes endo III or fpg (enzyme concentration 1/1000) or no
enzyme (control) were placed onto the agarose, sealed with
a cover glass and incubated for 30 min at 37 °C. After
enzyme treatments, cell samples were processed as in the
standard alkaline comet assay procedure.
2.6 Statistical analysis

The statistical analysis was performed by use of the
SPSS program package (version 15.0). Measurements of
comet parameters were the percentage of DNA in the tail
(% DNA tail) and tail moment (µm). All data were presented as arithmetic means ± standard error. The statistical
approach was the one-way ANOVA followed by Dunnett’s test, which was used to evaluate the significance of
the difference in DNA damage between the control and
treated cultures. Results were considered to be statistically
significant when the P-value was <0.05.
Each compound was tested in two independent experiments and a good concordance was observed between
these.
3 RESULTS AND DISCUSSION
We used TEM to characterize the size and the morphology of SiO2 NPs. The majority of NPs were in spherical shape and no important agglomerations were observed
following the dispersion protocol. The average hydrodynamic diameter and zeta potential of the SiO2 NP suspension was determined by DLS and LVD, respectively. The
average diameter in suspension obtained using TEM images was 6±0.6 nm for SiO2 NPs, 15±0.9 nm for SiO2 NPs,
30±0.4 nm for SiO2 NPs and 55±0.7 nm for SiO2 NPs. Zeta
potential was -45.1 mV for 6 nm, -69.9 mV for 15 nm,
-54.1 mV for 30 nm, and -54.3 mV for 55 nm (Figs. 1-4).
Nanogenotoxicity is an emergent field, relevant for
estimating the potential genotoxic risk of nanomaterials.
Since in vitro studies offer many advantages, such as the
study of the bioavailability of nanomaterials to sensitive
target cells, we propose different nanosized SiO2 NPs and
their ionic form in human peripheral blood lymphocytes
and cultured human embryonic kidney (HEK293) cells in
the comet assay as a useful model for the study of the
toxic and genotoxic risks associated with nanoparticle exposure.
According to the FDA/EtBr viability assay, different
nanosized SiO2 NPs and ionic forms were not cytotoxic in
human peripheral blood lymphocytes and HEK293 cells
(Figs. 5-6). The results obtained in the comet assay both
human cells clearly indicate the genotoxic potential of differ-
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ent nanosized SiO2 NPs (6, 15, 30 and 55 nm) at the highest concentration (100 µg/ml) (Tables 1-4). These SiO2
NPs induce a direct concentration-response effect. We conclude that these compounds are highly genotoxic, the 6 nm
of SiO2 NPs being more effective in the comet assay with
and without the fpg and endo III enzymes on both human
peripheral blood lymphocytes and HEK293 cells (Tables 14). On the other hand, the ionic SiO2 did not show any
genotoxic activity on both human cells under with and
without enzyme treatments. Similarly, Balasubramanyam
et al. [31] suggested that aluminium oxide (Al2O3) NPs
(30 and 40 nm) were able to cause size and dose-dependent

genotoxicity in vivo compared to Al2O3-bulk and control
groups. Rahman et al. [32] found ultra-fine titanium dioxide (TiO2) (particle size ≤ 20 nm) to induce MN significantly in Syrian hamster embryo cells. In contrast to this, fine
TiO2 (particle size > 200 nm) did not induce MN to a significant extent. Based on the current findings, we hypothesize that the different sizes of the SiO2 NPs may be the
cause of the significant genotoxicity. Our results are in
good correlation with Balasubramanyam et al. [31] and
Rahman et al. [32].

A.

A.

B.

B.

15 ± 0.9

6 ± 0.6

C.

C.

-69.9 mV

-45.1 mV

FIGURE 1 - Characterization of SiO2 NPs (6 nm): (A) Typical
transmission electron microscopy (TEM) images, (B) and (C) represent size distribution and zeta potential, by DLS and LDV characterization.

FIGURE 2 - Characterization of SiO2 NPs (15 nm): (A) Typical
transmission electron microscopy (TEM) images, (B) and (C) represent size distribution and zeta potential, by DLS and LDV characterization
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A.

A.

B.

B.

30 ± 0.4

55 ± 0.7

C.

C.

-54.3 mV

-54.1 mV

FIGURE 3 - Characterization of SiO2 NPs (30 nm): (A) Typical
transmission electron microscopy (TEM) images, (B) and (C) represent size distribution and zeta potential, by DLS and LDV characterization.

FIGURE 4 - Characterization of SiO2 NPs (55 nm): (A) Typical
transmission electron microscopy (TEM) images, (B) and (C) represent size distribution and zeta potential, by DLS and LDV characterization.

FIGURE 5 - Viability results after treatment of human embryonic
kidney (HEK293) cells with SiO2 NPs (6, 15, 30 and 55 nm) and
ionic form. Viability was measured by using the FDA/EtBr stain.

FIGURE 6 - Viability results after treatment of human peripheral
blood lymphocytes with SiO2 NPs (6, 15, 30 and 55 nm) and ionic
form. Viability was measured by using the FDA/EtBr stain.
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TABLE 1 - The genotoxic effects of four different sizes (6, 15, 30 and 55 nm) and ions of silica nanoparticles (SiO2 NPs) in the human embryonic kidney (HEK293) cells using the comet assay.
Compound
% DNA tail a
Tail moment (µm) a
Concentration (µg/ml)
Control water
4.62 ± 1.09
1.69 ± 0.65
EMS (4 mM)
24.69 ± 3.60**
16.85 ± 3.07**
SiO2 - Ionic
1
4.23 ± 1.17
1.76 ± 0.44
10
5.12 ± 1.13
1.79 ± 0.52
100
5.35 ± 1.10
1.83 ± 0.47
SiO2 NPs - 6 nm
1
6.63 ± 1.37
2.15 ± 1.11
10
6.76 ± 1.73
2.71 ± 1.05
100
19.77 ± 2.01**
11.69 ± 1.54**
SiO2 NPs - 15 nm
1
6.22 ± 1.85
2.13 ± 1.91
10
6.40 ± 1.48
2.94 ± 1.27
100
17.37 ± 1.12**
9.89 ± 1.42**
SiO2 NPs - 30 nm
1
4.25 ± 2.13
2.02 ± 1.42
10
4.90 ± 2.14
2.14 ± 1.34
100
14.69 ± 1.79**
6.49 ± 1.21*
SiO2 NPs - 55 nm
1
3.90 ± 1.84
1.81 ± 1.50
10
4.21 ± 1.82
2.10 ± 1.34
100
10.73 ± 1.73*
5.70 ± 1.39*
a
EMS = ethyl methanesulphonate; mean ± standard error from two independent experiments and 100 cells were counted for each experiment; * P <
0.05 versus control water using one-way ANOVA; ** P < 0.01 versus control water using one-way ANOVA.

TABLE 2 - DNA damage induced after treatment with the silica nanoparticles (SiO2 NPs, 6, 15, 30 and 55 nm) or ions and by using endo III
or fpg enzymes in the cultured human embryonic kidney (HEK293) cells.
Compound
Concentration (µg/ml)

% DNA tail a
Enzyme buffer

Fpg
(+)
5.25 ± 1.16
28.21 ± 2.16**

Endo III
(+)
5.07 ± 1.07
26.77 ± 2.08**

Tail moment (µm) a
Enzyme buffer
Fpg
(+)
1.91 ± 0.41
2.71 ± 0.36
17.16 ± 2.05**
19.81 ± 2.16**

Endo III
(+)
2.08 ± 0.16
18.76 ± 2.36**

Control water
4.91 ± 1.10
Positive control
25.13 ± 2.11**
(EMS - 4 mM)
SiO2 NPs - Ionic
1
4.70 ± 1.21
6.11 ± 1.11
5.20 ± 1.22
1.97 ± 0.53
2.69 ± 0.25
2.16 ± 0.13
10
5.77± 1.32
6.83 ± 1.15
6.18 ± 1.66
2.19 ± 0.51
2.85 ± 0.41
2.03 ± 0.11
100
5.81 ± 1.25
6.97 ± 1.24
6.75 ± 1.25
2.23 ± 0.37
3.09 ± 0.33
2.73 ± 0.17
SiO2 NPs - 6 nm
1
6.28 ± 1.31
7.03 ± 1.17
7.01 ± 1.07
3.05 ± 1.01
3.55 ± 1.01
3.44 ± 1.20
10
6.80 ± 1.21
7.21 ± 1.32
6.71 ± 1.34
3.38 ± 1.04
3.58 ± 1.17
3.42 ± 1.27
100
20.27 ± 2.11**
26.37 ± 2.14**
22.67 ± 2.19**
10.98 ± 1.24**
15.29 ± 1.14**
13.90 ± 1.34**
SiO2 NPs - 15 nm
1
6.12 ± 1.15
6.92 ± 1.55
6.72 ± 1.80
2.98 ± 1.31
3.53 ± 1.21
3.33 ± 1.11
10
6.58 ± 1.28
6.87 ± 1.60
6.11 ± 1.27
3.28 ± 1.37
3.85 ± 1.17
3.54 ± 1.17
100
18.49 ± 2.12**
22.97 ± 2.24**
20.27 ± 2.01**
8.42 ± 1.22**
13.79 ± 1.12**
11.98 ± 1.52**
SiO2 NPs - 30 nm
1
5.85 ± 2.03
5.40 ± 2.13
4.79 ± 2.33
2.62 ± 1.12
3.03 ± 1.40
2.87 ± 1.02
10
6.20 ± 2.17
5.80 ± 2.05
4.90 ± 2.12
3.17 ± 1.04
4.90 ± 1.14
4.03 ± 1.24
100
15.19 ± 1.19**
21.80 ± 1.39**
18.59 ± 1.46**
6.79 ± 1.01*
10.29 ± 1.11**
8.86 ± 1.01*
SiO2 NPs - 55 nm
1
5.70 ± 1.34
4.88 ± 1.14
4.30 ± 1.44
2.41 ± 1.20
3.51 ± 1.10
2.98 ± 1.41
10
6.08 ± 2.17
4.98 ± 2.17
4.87 ± 2.37
3.07 ± 1.44
3.78 ± 1.24
3.18 ± 1.24
100
13.83 ± 2.03**
18.33 ± 2.23**
16.53 ± 2.33**
4.90 ± 2.29*
9.90 ± 2.19**
6.16 ± 2.09*
a
EMS, ethyl methanesulphonate; mean ± standard error from two independent experiments and 100 cells were counted for each experiment; * P <
0.05 when compared to control water using one-way ANOVA; ** P < 0.01 when compared to control water using one-way ANOVA.
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TABLE 3 - The genotoxic effects of four different sizes (6, 15, 30 and 55 nm) and ions of silica nanoparticles (SiO2 NPs) in the human peripheral blood lymphocytes using the comet assay.
% DNA tail a

Compound
Concentration (µg/ml)

Tail moment (µm) a

Control water
5.12 ± 1.19
2.39 ± 0.76
EMS (4 mM)
26.49 ± 2.61**
17.75 ± 2.17**
SiO2 - Ionic
1
5.03 ± 1.20
2.75 ± 0.44
10
5.61 ± 1.13
2.88 ± 0.50
100
5.95 ± 1.22
2.97 ± 0.53
SiO2 NPs - 6 nm
1
5.23 ± 1.27
3.45 ± 1.31
10
5.77 ± 1.52
3.79 ± 1.07
100
21.37 ± 2.11**
11.29 ± 1.34**
SiO2 NPs - 15 nm
1
4.92 ± 1.45
3.37 ± 1.61
10
5.42 ± 1.58
3.58 ± 1.37
100
18.90 ± 2.02**
8.69 ± 1.32*
SiO2 NPs - 30 nm
1
4.85 ± 2.03
3.32 ± 1.22
10
5.29 ± 2.11
3.45 ± 1.21
100
15.47 ± 1.39**
6.85 ± 1.31*
SiO2 NPs - 55 nm
1
4.59 ± 1.34
2.71 ± 1.20
10
5.21 ± 1.07
3.30 ± 1.34
100
11.83 ± 1.24*
5.77 ± 1.28*
a
EMS, ethyl methanesulphonate; mean ± standard error from two independent experiments and 100 cells were counted for each experiment; * P <
0.05 versus control water using one-way ANOVA; ** P < 0.01 versus control water using one-way ANOVA.

TABLE 4 - DNA damage induced after treatment with the silica nanoparticles (SiO2 NPs, 6, 15, 30 and 55 nm) or ions and by using endo III
or fpg enzymes in the human peripheral blood lymphocytes.
Compound
Concentration (µg/ml)

% DNA tail a
Enzyme buffer

Tail moment (µm) a
Fpg
(+)
5.86 ± 1.15
29.22 ± 2.05**

Endo III
(+)
5.45 ± 1.08
27.50 ± 2.09**

Enzyme buffer

Fpg
(+)
3.70 ± 0.15
19.96 ± 2.17**

Endo III
(+)
2.98 ± 0.15
18.75 ± 2.07**

Control water
5.30 ± 1.11
2.81 ± 0.31
Positive control
26.90 ± 2.11**
17.97 ± 2.14**
(EMS - 4 mM)
SiO2 NPs - Ionic
1
5.71 ± 1.01
6.88 ± 1.21
6.11 ± 1.20
2.87 ± 0.40
3.68 ± 0.11
3.27 ± 0.15
10
6.32 ± 1.03
6.91 ± 1.22
6.77 ± 1.21
3.17 ± 0.31
3.98 ± 0.22
3.48 ± 0.16
100
6.35 ± 1.21
7.15 ± 1.26
6.96 ± 1.31
3.29 ± 0.32
4.07 ± 0.21
3.77 ± 0.11
SiO2 NPs - 6 nm
1
6.30 ± 1.21
7.13 ± 1.27
7.02 ± 1.17
3.15 ± 1.11
3.75 ± 1.03
3.54 ± 1.21
10
6.70 ± 1.13
7.31 ± 1.22
6.81 ± 1.24
3.48 ± 1.15
3.78 ± 1.07
3.52 ± 1.17
100
21.27 ± 2.01**
26.57 ± 2.24**
22.57 ± 2.09**
11.48 ± 1.14**
15.59 ± 1.04**
13.95 ± 1.24**
SiO2 NPs - 15 nm
1
6.10 ± 1.05
6.96 ± 1.45
6.62 ± 1.40
2.88 ± 1.21
3.73 ± 1.11
3.43 ± 1.01
10
6.55 ± 1.18
6.88 ± 1.50
6.21 ± 1.37
3.25 ± 1.27
3.95 ± 1.27
3.64 ± 1.07
100
18.59 ± 2.02**
22.95 ± 2.14**
20.47 ± 2.11**
8.52 ± 1.12**
13.89 ± 1.22**
11.96 ± 1.22**
SiO2 NPs - 30 nm
1
5.75 ± 2.13
5.45 ± 2.11
4.77 ± 2.13
2.64 ± 1.02
3.13 ± 1.30
2.84 ± 1.12
10
6.30 ± 2.07
5.84 ± 2.15
4.93 ± 2.22
3.27 ± 1.06
4.95 ± 1.24
4.01 ± 1.14
100
15.29 ± 1.09**
21.81 ± 1.29**
18.69 ± 1.36**
6.89 ± 1.11*
10.39 ± 1.21**
8.96 ± 1.11*
SiO2 NPs - 55 nm
1
5.60 ± 1.24
4.86 ± 1.04
4.32 ± 1.34
2.51 ± 1.21
3.41 ± 1.11
2.98 ± 1.31
10
6.18 ± 2.07
4.94 ± 2.07
4.77 ± 2.27
3.17 ± 1.34
3.79 ± 1.22
3.28 ± 1.14
100
13.86 ± 2.13**
18.31 ± 2.03**
16.63 ± 2.13**
4.95 ± 2.28*
9.91 ± 2.10**
6.26 ± 2.19*
a
EMS, ethyl methanesulphonate; mean ± standard error from two independent experiments and 100 cells were counted for each experiment; * P <
0.05 when compared to control water using one-way ANOVA; ** P < 0.01 when compared to control water using one-way ANOVA.
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The levels of oxidized bases induced by different nanosized SiO2 NPs and ionic forms, which can be detected
by the treatment with fpg and endo III enzymes, are
shown in Tables 2 and 4. For all SiO2 NPs and ionic
forms, the damage detected with fpg treatment was higher
than that detected with endo III treatment, which indicates
that they induce more damage in purines than in pyrimidines. When all SiO2 NPs were challenged with fpg, a
higher oxidative damage was observed with 6 nm of SiO2
NPs; thus, the 6 nm of SiO2 NPs was able to induce more
oxidative damage than the 15, 30 and 55 nm of SiO2 NPs
in human peripheral blood lymphocytes and HEK293
cells (Tables 2 and 4).
Studies on the genotoxic risk related with the new
emerging nanomaterials are of increasing interest [2,
33], mainly on those compounds with limited information on their potential genotoxic risk. In this sense,
the current investigation adds new information on the in
vivo genotoxic effects of different nanosized SiO2 NPs and
their ionic form. DNA damage induction (genotoxicity) not
only leads to carcinogenesis but can also have an impact
upon fertility and the health of subsequent generations, if
disturbance arises in reproductive cells. Hence, a key area
governing health risk assessment of new pharmaceuticals
and chemicals is genotoxicology [1]. In this context, it must
be stressed that different nanosized SiO2 NPs are emerging as one of the fastest growing product categories in
nanotechnology industry.

potencies according to the induced DNA damage are,
respectively, 6, 15, 30 and 55 nm. In contrast, the ionic
form SiO2 was not able to increase the DNA damage. In
addition, all SiO2 NPs are capable of inducing high levels
of oxidative damage. These results are of interest when
dealing with the potential risk associated with the exposure of materials containing such chemicals. However, further studies should be carried out with different test systems
(in vivo and in vitro) and model organisms related to their
genotoxic profiles.
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There is limited evidence to suggest that SiO2 NPs are
genotoxic, and some recent studies using the comet assay
have demonstrated that SiO2 NPs (from 20 to 400 nm) do
not show significant genotoxicity [10, 34]. In contrast,
Wang et al. [11] demonstrated that these NPs do induce
chromosomal damage on the MN assay.
Both in vivo and in vitro SiO2 NPs induce inflammatory and oxidative stress responses [6-8]. Moreover, SiO2
NPs can enter the cell nucleus and they could potentially
bind to the DNA phosphate backbone [13]. Since the SiO2
NPs can result in increased reactive oxygen species (ROS)
levels [7] and the generated ROS, especially the reactive
hydroxyl radical (.OH), have the capability to attack DNA
via several different mechanisms to generate DNA strand
breaks (single or double) and oxidative-induced base damage [35] which could have important implications in the
development of cancer. Cells exposed to SiO2 NPs show
caspase activation and cell death via apoptosis [36, 37].
Also SiO2 NPs can lead to inhibition of replication, transcription and cell proliferation [13].
4 CONCLUSIONS
We conclude that in the comet assay, different nanosized
SiO2 NPs (6, 15, 30 and 55 nm) demonstrated their high
ability to interact with DNA and to cause primary DNA
damage in an in vitro model as human peripheral blood
lymphocytes and HEK293 cells. The relative genotoxic
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ABSTRACT
Phosphorus (P) is regarded to be one of the most important causes for the eutrophication in freshwater bodies.
The removal technique of P from wastewater and waterbodies has become a hot topic in the world. In this paper,
used cement was chosen as the experimental material, and
the effects of main influencing factors, such as dosage,
temperature, pH and vibration time, on P adsorption characteristics were evaluated. Results showed that P can be
effectively removed using cement powders, and the optimal
cement dosages were 0.6, 1.4 and 5 g/L in the presence of
5, 10 and 50 mg phosphate concentration per L, respectively. A significant linear correlation (R2 = 0.9872) between P concentration and optimal cement dosage was observed. The optimal conditions were determined to be: cement dosage 3 g/L, temperature 25 °C and vibration time
8 h. The maximum adsorptive capacity of cement was
7.93 mg P/g with an initial phosphate concentration of
25 mg P/L.

KEYWORDS:
used cement; phosphorus (P); adsorption; influencing factors
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cipitation is a reliable, flexible and easily operated approach
to P removal and applied widely in wastewater treatment,
but high costs and the creation of chemical sludge are its
main shortcomings [5, 6]. In contrast, biological treatment
has the advantages of low cost and avoiding the use of
chemicals and production of sludge amounts, but its effluent is hard to reach the discharge standards; moreover,
the removal efficiency is highly inconsistent due to environmental factors, such as temperature or pH [7, 8]. Adsorption methods combining physical and chemical adsorption behaviours are easily operated, highly efficient
and low-cost techniques.
The key factor for adsorption method is the selection of
suitable adsorbents. Various common adsorbents, such as
natural materials: zeolite [9], bentonite [10], etc, industrial
wastes: fly ash [11], steel slag [12], and activated aluminium oxide [13], have been widely investigated recently.
Meanwhile, some wastes, such as eggshell [14], coir pith
[15], sugarcane bagasse fibres [16], giant reed [17], or skin
split waste [18], have also been used as adsorbent.
Demolition of building creates a large amount of building wastes, such as cement and bricks, which are rich in
aluminum, calcium, iron and magnesium. Thus, if building
wastes could be used as an adsorbent, the P removal and
comprehensive utilization of waste could be achieved.

1 INTRODUCTION
Eutrophication has been an important environmental
problem in the world. Excess amount of nutrients, especially nitrogen and phosphorus, are responsible for eutrophication of water-bodies. Phosphorus is regarded to be
a major nutrient for both plants and microorganisms.
However, the increased phosphate concentrations in the
water-bodies will inevitably cause eutrophication [1, 2].
To meet the demands for controlling and alleviating the
eutrophication problems, P in wastewaters and waterbodies must be treated and reduced. Various treatment
technologies have been developed for the removal of
phosphate from water and wastewater, which include
chemical precipitation, biological treatment, and so on [3,
4]. Chemical pre-

The purposes of this study were to determine: (1) the
feasibility of used cement to absorb P from wastewater, and
(2) the optimal conditions of used cement for P removal.
2 MATERIALS AND METHODS
2.1 Experimental materials

The cements used in the experiment were obtained
from a housing project in Wuhan, China. The cements were
broken into coarse grain, and then ground into fine powder, followed by 100-mesh sieving prior to air drying. The
compositions of the material are shown in Table 1.
2.2 Simulated wastewater
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Wastewaters with different phosphate concentrations
(0, 5, 10, 25, 50 mg P/L) were prepared by dissolving
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TABLE 1 - Composition of the cement material (%).
Components
Content (%)

CaO
53.50

Al2O3
6.13

Fe2O3
3.06

MgO
2.39

potassium dihydrogen orthophosphate (KH2PO4) in deionized water.

SO3
2.10

SiO2
20.88

Loss on ignition
11.18

of 100 ml phosphate solution. The pH value of the solution was 7±0.1 adjusted with diluted HCl or NaOH solution. The flasks were then capped and shaken on a thermostatic oscillator at constant rate of 150 rpm and 25 °C,
stopped at the desired time interval and left standing for
30 min. The pH value of the overlying water was monitored by a pH-meter (Mettler Toledo Delta 300).

2.3 Experimental methods
2.3.1 Effect of dosage, temperature and vibration time on
phosphate adsorption

Different dosages of cement powder were placed in
250-ml Erlenmeyer flasks, followed by addition of 100 ml
phosphate solution with different concentrations. The flasks
were then capped and shaken on a thermostatic oscillator
(TONE GXZ) at the desired temperature and a constant
rate of 150 rpm. The suspension was poured into 50-ml
centrifugal tubes and centrifuged at 4000 rpm for 5 min
using an EBA 21 centrifuge. Phosphate concentration in the
clear solution was determined using the ascorbic acid
method at 700 nm with a Shimadzu UV1800 spectrophotometer [19].

2.4 Statistical analysis

The experiments were conducted in triplicate, and data
were reported as mean values ± standard deviation. Statistical analyses were performed using Origin Pro 8.0 Statistical Software.
3 RESULTS
3.1 Optimum cement dosages under different phosphate
concentrations

Optimal dosages of cement powder in different concentrations were placed in 250-ml Erlenmeyer flasks,
followed by addition of the corresponding concentration

The optimum cement dosages for wastewaters containing four phosphate concentrations (5, 10, 25, 50 mg P/L)
were evaluated at 25 °C and vibration time of 24 h (Fig. 1).
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FIGURE 1 - Removal efficiencies under different phosphate concentrations.
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As seen from Fig. 1, under the phosphate concentration of 5 mg P/L, the phosphate removal efficiency increased significantly from 23.72 to 80.03%, and with the
increase of cement dosages from 0.2 to 0.6 g/L. However,
since the removal efficiency was not improved very much
(only by 8.58%) as dosages increased from 0.6 to 1.4 g/L,
0.6 g/L was selected as the optimum cement dosage. Likewise, the removal efficiencies showed similar trends for
other phosphate concentrations. The optimum dosages for
phosphate concentrations of 10, 25 and 50 mg P/L were
1.4, 3 and 5 g/L, respectively.
Figure 2 shows significant correlation between phosphate concentrations and optimum cement dosages, with
an equation of y = 0.0955x + 0.351 (R2= 0.9808), where x
is the phosphate concentration and y the optimum cement
dosage.

As shown in Fig. 3, initial pH 7 increased immediately after cement was added but then remained relatively
stable. The difference among different phosphate concentrations was not obvious, and the biggest distinction of average
pH values between 5 mg P/L and 50 mg P/L was 0.9.
3.3 Effect of cement dosage on phosphorus adsorption

According to the common phosphate concentrations of
the wastewater, 25 mg P/L was chosen to study the effect
of cement dosage, temperature and vibration time on phosphate adsorption characteristics.
The effect of cement dosages (2, 3, 4, 6, 8, 10, 12, 15
and 20 g/L) on P adsorption at phosphate concentration of
25 mg/L, temperature 25 °C and vibration time of 24 h
was studied, and the results are shown in Fig. 4.
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FIGURE 2 - Correlations between phosphate concentrations and
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3.2 Effect of cement on pH value of solution under different
phosphate concentrations

The effects of cement on pH value of solution with different phosphate concentrations at optimal cement dosage,
25°C and vibration time of 24 h are shown in Fig. 3.

3.4 Effect of temperature on phosphate adsorption

1 3 .0

The effects of temperatures (5, 10, 15, 20, 25, 30, 35 °C)
on P adsorption at phosphate concentration 25 mg/L, cement dosage 3 g/L, and vibration time of 24 h are shown in
Fig. 5.
As shown in Fig. 5, effects of temperature on phosphate removal by cement were not significant. The removal efficiencies were 92.51, 94.54 and 93.45% with
temperatures of 5, 25 and 35 °C. The optimum temperature was determined to be 25 °C.

1 2 .5
1 2 .0
1 1 .5
1 1 .0

pH value

1 0 .5
1 0 .0
9 .5
9 .0

5mg P/L
10mg P/L
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50mg P/L

8 .5
8 .0
7 .5
7 .0

As seen in Fig. 4, the phosphate removal efficiencies
increased significantly from 49.06 to 95.13% with the increase of cement dosages from 2 to 3 g/L. However, only a
small increase (4.30%) was achieved when dosages increased from 3 to 20 g/L. Therefore, after comprehensive
consideration of removal efficiencies and treatment costs,
3 g/L was selected as the optimum dosage for cement
powders.

3.5 Effect of vibration time on phosphorus adsorption
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FIGURE 3 - Change of pH value under different phosphate concentrations.

The effect of vibration times (1, 2, 4, 8, 12, 18, 24, 36,
48 h) on P adsorption at phosphate concentration 25 mg/L,
cement dosage 3 g/L, and temperature 25 °C is shown in
Fig. 6.
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As seen from Fig. 6, the influence of vibration time on
P adsorption was apparent. The phosphate removal efficiency was 94.02% at 8 h. However, the removal efficiencies had a small change when vibration time was increased
to 48 h. The optimum vibration time was selected to be 8 h.
4 DISCUSSION
The key factor for adsorption is the selection of suitable adsorbents. The characteristics of adsorbent and influence factors on adsorption have been evaluated. Agyei et
al. [20] investigated the feasibility of using fly ash, slag,
ordinary Portland cement (OPC) and related cement blends
to remove phosphate from 400 mg/L phosphate solution
at pH 9.0 and 25 °C, and found the adsorption capacity of
32, 60, 75, 78 and 83 mg P/g for fly ash, slag, OPC + fly
ash, OPC + slag and OPC, respectively. An adsorbent of
composite metal oxides (CMOMO) synthesized from manganese ore tailings was used to adsorb P from aqueous
solution, and the removal efficiency increased with the
increase of temperature (25, 35, 45 °C) and ion strength
(0.01-1 M), or the decrease of pH (10-4) [21]. Song et al.
[22] found that the adsorption capacity of ferric sludge was
9.05 mg P/g when the solution was containing 27.43 mg/L
phosphate at pH 5.5 and 25 °C with an adsorbent dosage
of 3 g/L, and also found that pH increased during the
adsorption process, indicating that phosphate adsorption

may be accompanied with a ligand exchange process, which
meant there were Al-OH, Fe-OH, and Ca-OH functional
groups present on the surface of the material, and hydroxyl
groups were replaced by phosphate in solution; thus, phosphate was captured by the adsorbents while hydroxyl was
released to the solution [23]. Two kinds of steel slag produced in Europe, electric furnace steel slag (EAF-slag) and
basic oxygen furnace steel slag (BOF-slag), were studied.
The results showed that pH, initial phosphate and calcium
concentrations were the important influencing parameters.
When the initial phosphate concentration was at the range
of 5-100 mg/L, the maximum capacities of phosphate removal using EAF-slag and BOF-slag were 0.13-0.28 mg P/g
and 1.14-2.49 mg P/g, respectively [24]. Xiong et al. [25]
reported the maximum adsorptive capacity of peat was
8.91 mg P/g with an initial phosphate concentration of
22.79 mg P/L at pH 5.2 and 25 °C.
In this study, the maximum adsorptive capacity of used
cement was 7.93 mg P/g at an adsorbent dosage of 3 g/L
and phosphate concentration of 25 mg/L. This is much
higher than for most of adsorbents reported, and might be
attributed to the components of used cement and high pH
values. In our experiment, the main components of cement
were CaO (53.5%), Al2O3 (6.13%), Fe2O3 (3.06%) and
MgO (2.39%) (Table 1). It was known from the composition of cement that P bound to Ca, Al, Fe oxides, and hydroxides (Fe/Al-P), and calcium bound P (Ca-P) were the
main fractions [26]. Dissolution of these metal oxides produced a great amount of OH- ions that led to an increase in
pH of the solutions (Fig. 3) [24]. Higher pH weakened the
association of phosphates with Fe/Al hydroxides, and then
resulted in Fe/Al-P release. The reason probably could be
due to the ligand competition between PO43− and OH− possibly causing the availability of binding sites on the adsorbent to decrease with the increase of pH [27]. However,
Ca-P was maintained at a comparatively stable level in
alkaline solution because Ca-P could be co-precipitated
with calcium carbonate [27, 28]. In contrast, the dissolution
of Ca-P was found at low pH and not conducive to the
adsorption of P [29]. In addition, heavy metal concentrations of used cement had been monitored in order to make
sure whether the application of used cement would be
harmful to water-bodies. The result showed that heavy metal
concentrations (Cu, Zn, Cr, Pb, As, Cd and Se) were far
below the environmental quality standard of surface water. Therefore, cement powders could be used effectively
to remove P from water-bodies with lower phosphate concentration.
5 CONCLUSIONS
Used cement powders have the potential to remove
phosphorus effectively from solutions. The optimum conditions were determined to be as follows: cement dosage
3 g/L, temperature 25 °C, and vibration time 8 h; maximum adsorptive capacity of cement was 7.93 mg P/g at a
phosphate concentration of 25 mg/L. A double-win for
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both P removal and reuse of building wastes could be
achieved by its application.
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ABSTRACT

1 INTRODUCTION

This study measured groundwater depths over the 2010
water year (from October 1, 2009 to September 30, 2010)
and groundwater salinity in July 2010, when irrigation
activities were most intense. Geostatistical methods were
used to model variations in five groundwater properties
(the highest groundwater depth (HGD), the lowest groundwater depth (LGD), groundwater depth in July (GDJ),
groundwater elevation in July (GEJ), and groundwater
salinity in July (GSJ), the month with the most intensive
irrigation). Moreover, areas with drainage and salinity problems were determined with groundwater depths and salinity
values using ordinary kriging and indicator kriging methods.
Among the properties measured, GEJ showed minimum variability and GSJ maximum variability, whereas
GSJ showed the shortest range of spatial variability and
LGD the highest one. HGD and LGD were best described
by a spherical semi-variogram model, whereas GSJ was
best described by an exponential model.
Measurements of the spatial distribution of the five
groundwater properties using ordinary kriging indicated a
drainage problem in 80.82% (7419 ha) of the research site,
with groundwater depths ranging from 0.00-2.00 m in
35.24% (3254 ha) of the site. In addition, 16.11% of the
research site was found to suffer from salinity problems
(salinity levels above 5 dS m-1) and nearly 50% of the site
was found to be on the verge of a salinity problem (salinity levels between 2.25-5.00 dS m-1).
Indicator kriging was also applied and probability maps
were generated giving the most exciting result. Areas with
low groundwater elevations were determined to have more
drainage problems.

Irrigation is an indispensable component of agricultural production. However, improper and excessive water
use in irrigation may create hazards for agricultural land,
such as increases in groundwater and salinity levels. Groundwater depths need to be kept within optimum ranges
for proper plant and root development. Of the estimated
235 million ha of irrigated land throughout the world, 1015% is affected by waterlogging and salinization [1].
Excessive or faulty improper irrigation in arid and
semi-arid regions results in a rise of groundwater levels,
and as evaporation carries salts upward, salinity problems
will develop in upper layers of soil profile. Soil salinity
and groundwater depth are closely related. To avoid soil
salinity, critical groundwater depth should be at least between 2 to 3 m in arid and semiarid regions [2]. In some
studies, critical groundwater depths have been suggested to
be at least 1.5-2.5 m [3,4]. Geostatistical methods can be
used to conveniently predict potential problems related to
groundwater depths and salinity levels, and to measure
variations in spatial distribution across problematic sites. In
recent years, a wide variety of soil properties, groundwater
salinity, groundwater elevation, groundwater depths and
problematic sites have been studied by several researchers [5-11].

KEYWORDS: Drainage problems, salinity, Geographical Information System (GIS), ordinary kriging, indicator kriging

Various researchers have used geostatistics and Geographic Information System (GIS) to investigate a wide
range of soil and groundwater properties, including
changes in groundwater levels over time [12, 13]. Inverse Distance Weight (IDW), Spline and Kriging are
common methods used to estimate the values of un-sampled
locations using the measured values of sampled sites [1416]. The use of ordinary kriging (OK) in soil and groundwater science is very common and widely accepted [1721]. Adhikary [22] used OK to prepare thematic maps of
groundwater quality parameters.

* Corresponding author

Besides OK, indicator kriging (IK) is also commonly
used to estimate the probability of unknown values falling
within specified intervals by incorporating the uncertainty
of values at un-sampled locations [23]. Arslan [5] investi-
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gated the spatial variability of groundwater salinity in the
Bafra Plain over a 7-year period using both ordinary and
indicator kriging; results showed that 31% of the site had
groundwater salinity values in excess of 5 dSm-1
This study used both OK and IK in conjunction with
GIS to identify the spatial distribution of sites in the
Suluova Plain, with existing or potential drainage and
salinity problems.
2. MATERIALS AND METHODS
2.1. Study area

The research site is located in the province of Amasya
in the central Black Sea Region (40°43′-40°48′ latitude,
35°32′-35°45′ longitude) in Northern Turkey. The majority
of soils studied in the site can be classified as clay-loam
texture ones. The climate is semi-arid, with average annual precipitation and evaporation levels of 433.8 mm and
870.7 mm, respectively. Evaporation varies between 4.5 mm
in January and 187.3 mm in July, and average temperatures
vary from -1.7 °C in January to 29.7 °C in July. Altitude of
the study area ranges from 415 m to 489 m. The major
source of irrigation water in Suluova is the Yedikir Dam,
which is classified as C2 S1 (second class in terms of salinity, and first class in terms of sodicity). A classical canal
irrigation system is dominant in the area. Border and furrow irrigation are the main irrigation methods; however,
many different types of irrigation are used depending upon

the crops grown. Wheat, sugar beet, onion, corn and sunflower are the most common crops grown during the irrigation season.
2.2. Groundwater sampling and measurement

The research site covers a total area of 9180 ha.
Groundwater depth and salinity (ECgws, dSm-1) at the site
were measured from 58 observation wells located at
elevations ranging from 421 m to 489 m above sea level
(Fig. 1). Well coordinates and elevations were obtained
from a 1/5000 map and confirmed using a Global Positioning System (GPS). All wells were bored wells, most of
which were open to a depth of approximately 4 m.
Groundwater depth was measured once a month during the last week of each month from October 1, 2009 to
September 30, 2010 (i.e., the 2010 water year; ‘water
year’ is used in hydrological monitoring in order to encompass whole rainfall seasons). Groundwater salinity
was measured using a digital EC meter immediately after
sampling in July, the peak irrigation season, and the highest evaporation period.
2.3. Geostatistical analysis

Kriging methods work best if the data are normally
distributed. Transformations should be used to make data
normally distributed and satisfy the assumption of equal
variability for the data. Data was analyzed in three steps,
as follows: 1) Kolmogorov-Smirnov tests were conducted

FIGURE 1 - Research site showing sampling points and topographic contours.
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to determine normality of distribution; 2) descriptive statistics including arithmetic mean, standard deviation and
coefficient of variation were calculated in order to determine differentiation range of data, and 3) semivariogram
analysis and complementary kriging interpolation methods
were conducted for each variable.
The theoretical basis of geostatistics has been fully
described by several authors [24, 25]. In this study, statistical and geostatistical methods were applied to determine
the spatial distribution of HGD, LGD, GDJ, GEJ and
GSJ. The spatial structure of variables was characterized
using the experimental semivariogram:

γ ( h) =

1
2 N ( h)

2

N (h)

∑ [Z (χ ) − (Z (χ
i

i =1

i

+ h)

]

(1)

where, γ(h) is the estimated or “experimental” semivariance value for all pairs at a lag distance h; Z (χi) is the
groundwater depth or salinity at point i; Z (χi +h) is the
groundwater depth or salinity of other points separated
from χi by a discrete distance h; χi is the geo-referenced
position where the Z (χi) value is measured; and n represents the number of pairs of observations separated by the
distance h [26, 27].
Theoretical semivariogram models are used to predict
values for groundwater depth and salinity at un-sampled
locations. Semivariogram modeling was performed using
the software GS+9.0. The maps of groundwater properties
were drawn with Geostatistical extension of ARCGIS 10.0
using the same semivariogram parameters (nugget, sill,
nugget ratio, range) obtained with Software GS+9.
ARCGIS allows the users to calculate areas. Ordinary
kriging was used to generate predictive groundwater maps
and interpolate groundwater properties of un-sampled locations.
Indicator kriging needs no assumption of parameter
distribution; therefore, in this sense, it is nonparametric.
The variable, measured in a continuous scale, is converted
to several indicator variables. Each variable takes values
of 1 or 0 at the sampling site, and values of each variable
are estimated elsewhere in the study area [23]. Indicator
kriging is described as a nonlinear method. However, it is
a linear kriging of nonlinear transform of data. It leads to
estimates of probabilities that the true values exceed (or
not exceed) the specified thresholds at the unvisited locations in the neighborhood of data. This enables to evaluate the risk taken by accepting the estimates at their face
value.
Indicator kriging was used to generate probability
maps for HGD, LGD, GDJ and GSJ. The best geostatistical model parameters were used in map generation. Values are estimated for un-sampled locations in the study
area. The technique used can be briefly described as
follows [27]:
Let Z(xα ) be the measured concentration of a property
Z at the location xα, then, the range of the variation Z can

be fractioned and coded using a series of K threshold
values as follows:
⎧1 if Z (xα ) ≤ z k
⎫
I (xα ; z k ) = ⎨
⎬
0
otherwise
⎩
⎭
k = 1,...........K
α = 1,........ ......N

(2)

where, K is the number of thresholds, α is any place,
and N is the total number of places where the property Z
is measured.
Conditional cumulative distribution function (CCDF)
can be calculated for each threshold zk at an unvisited
location (x O ) by indicator kriging that uses the indicator
values I (x α ; zk ) at neighboring locations:

F (x O ; Z K (n)) = Pr ob (Z (xO ) ≤ Z k

( n ))

(3)

k = 1,...........K
where (n) represents the conditioning information
around location (x O )
2.4. Groundwater maps

Five different groundwater maps were generated using measurements taken throughout the entire water year
in order to determine groundwater depth and salinity levels
at any time and place in the research site. Using 12 month
measurements, the closest and furthest values of ground
water depth to the soil surface were determined for each
well. HGD map was also prepared using the closest values for each well. Similarly, LGD map was drawn using
the furthest values of 12 month measurements.
Maps of groundwater depth, salinity and groundwater
elevation were also generated for July, as the highest temperature and evaporation were seen in this month. Also, the
map of groundwater depth and groundwater elevation
in July was used to interpret the effects of irrigation on
groundwater and the direction of groundwater flow, respectively.
3. RESULTS AND DISCUSSION
3.1. Groundwater Properties

Mean, minimum and maximum values; standard deviations; and coefficients of variation (CV) were calculated using the measured values for groundwater depth, level
and salinity and are given in Table 1.
Groundwater elevations ranged from a minimum of
415.35 m to a maximum of 489.72 m. Lowest groundwater
depths varied between 0.10 m and 3.26 m (mean: 0.78 m)
highest groundwater depths varied between 0.41 and 3.84 m
(mean: 2.01 m); groundwater depth in July varied between
0.25 m and 3.84 m (mean: 1.74 m); and groundwater
salinity in July varied between 0.47 dS m-1 and 19.19 dS m-1
(mean: 3.56dS m−1). CV is an important parameter used to
describe the variability of groundwater properties.
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Camberdella [28] classified CV values as follows: low
variability, ≤ 15%; moderate variability, 16-35%; and high
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TABLE 1 - Descriptive statistics for groundwater properties.
n=58
Highest groundwater depth
Lowest groundwater depth
Groundwater depth in July
Groundwater salinity in July
Groundwater elevation in July
n= number of samples

Mean
2.01
0.78
1.74
3.56
434.89

Min.
0.41
0.10
0.25
0.47
415.35

Max
3.84
3.26
3.84
19.19
489.72

S.D.
0.74
0.78
0.78
4.00
16.86

variability, ≥36%. Of the 5 groundwater properties examined in the present study, groundwater salinity had the
highest CV, and groundwater elevation had the lowest
CV. While groundwater elevation showed low variability,
highest groundwater depth, lowest groundwater depth,
groundwater depth in July and groundwater salinity
showed high variability (Table 1).
3.2. Geostatistical analysis of groundwater properties

Geostatistical analysis requires data being initially
subjected to a normality test because of the high level of
estimation errors associated with non-normal data. In this
study, the Kolmogorov-Smirnov test was used to prove the
normality of data. The findings showed that while HGD,
LGD, GDJ exhibited normal distributions, GEJ and GSJ
exhibited non-normal distributions. For this reason, GEJ
and GSJ values were log-transformed before calculating
semivariance.
Directional experimental semivariograms for each
variable were calculated in the directions of 0° (N-S),
45° (NE-SW), 90° (E-W) and 135° (SE-NW). No distinct
differences were found in the directional structure of any
of the properties studied. Table 2 lists the best-fitting
semivariogram models and model parameters, such as nugget variance, sill variance, range and ratio of structural variance to sill variance for all the properties examined. The
model with the smallest residual sum of squares (RSS)
was considered to be the best fit.
Best-fit semivariogram models for different groundwater properties are shown in Fig. 2. The linear model was
found to be the best fit for GEJ and GDJ, while the exponential model was optimal for GSJ (Fig. 2), and the spherical model was best for HGD and LGD. The coefficient of
determination (R²) varied between 0.693 and 0.908 for
the different groundwater properties, indicating that the
theoretical models efficiently reflected the spatial struc-

CV
36.82
100.00
44.83
112.36
3.88

Skewness
0.38
0.32
0.49
1.50
1.50

Kurtosis
3.49
2.73
3.66
4.98
4.98

Transformation
Normal
Normal
Normal
Log normal
Log normal

ture of the properties examined. In all cases, geostatistical
range values exceeded 6080 m, with the minimum range
value observed for GSJ and the maximum value for LGD.
Nugget ratio, expressed as percent of total semivariance, was used to evaluate spatial dependency of groundwater properties, with rates of ≤25% indicating strongly
dependent variables, rates of 25%-75% indicating moderate dependence, and rates of >75% indicating weak dependence [28]. Nugget ratios of GEJ, GSJ, GDJ, HGD and
LGD were, respectively, 1.67, 7.24, 13.90, 22.57 and 24.87,
indicating strong spatial variability for all groundwater
properties. When compared to GEJ, all groundwater depth
measurements and groundwater salinity exhibited a higher
nugget ratio (Table 2)
The nugget effect reflects spatial variability at distances shorter than the smallest distance between measurements [29] as well as experimental error related to sampling and instrument analysis. Large nugget effects may
suggest the need for additional sampling of relevant properties at smaller distances in order to detect spatial dependence, with a greater sampling density producing more accurate estimations of groundwater depths. Based on the findings of the present study, it was concluded that sampling
for groundwater depth requires shorter distances between
sampling points when compared to salinity sampling.
3.3. Spatial distribution of groundwater depths and salinity

Kriging interpolation can help to identify spatial patterns [30]. Groundwater depth values were recorded for
each well throughout the 2010 water year, and the highest
depth values identified for each well were used to map
HGD for the study area (Fig. 3a). HGD of 0.00-2.00 m
indicated sites with a drainage problem [31]. In order to
better represent such problematic sites, groundwater maps
make use of different depth intervals. In order to predict
likely problems and take relevant measures, groundwater

TABLE 2 - Characteristics of semivariogram models.
Nugget
(C0)
Highest groundwater depth
Spherical
0.154
Lowest groundwater depth
Spherical
0.320
Groundwater depth in July
Linear
0.172
Groundwater salinity in July
Exponential
0.090
Groundwater elevation in July
Linear
0.001
RSS: residual sum of squares, R²: Coefficient of determination
Variable

Models

Sill
(C0+C)
0.6140
1.4180
1.2370
1.2430
0.0060
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Range
(m)
6390
27570
11829
6080
22030

Nugget ratio
(C0/(C0+C)
24.87
22.57
13.90
7.24
1.67

Special
class
Strong
Strong
Strong
Strong
Strong

R²

RSS

0.811
0.755
0.693
0.930
0.908

0.030
0.120
0.416
0.033
0.001
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FIGURE 2 - Best-fit semivariograms of groundwater properties

FIGURE 3 - Spatial distribution of groundwater properties: (a) highest groundwater depth (m), (b) lowest groundwater depth (m), (c)
groundwater depth in July (m), (d) groundwater salinity (dS/m), (e ) groundwater elevation (m).
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depth and salinity levels of irrigated lands require ongoing monitoring and evaluation [32].
In the present study, 4 different depth intervals were
used to map HGD. As Table 3 shows, HGD were found to
be below 1.00 m in 18.04% of the study area (1656 ha),
between 1.00-1.50 m in 42.30% (3883 ha) of the study
area, between 1.50-2.00 m in 20.48% (1880 ha) of the
study area, and between 2.00-3.00 m in 19.18% (1761 ha)
of the study area. Sites with groundwater depths between
0.00-2.00 m were considered to have a drainage problem;
thus, 80.74% (7419 ha) of the study area, mostly in the
northern part of the site, was considered to have a drainage problem. Arslan [33] stated that the ratio of areas with
drainage problems in Bafra plain elevated to 86.53% of
the whole working area and that the problem resulted
from overirrigation.
The lowest groundwater depths for each well were also identified and used to generate a map of LGD in the
study area (Fig. 3b). Optimum groundwater depth varies by
crop, with optimum depths for wheat, corn, sugar beets and
most vegetables being 100, 80 and 75 cm, respectively.
Thus, areas with groundwater depths of 0.00-1.00 m are
considered to have excessive drainage problems, with
groundwater lying within the plant root zone throughout
the year, and areas with groundwater depths of 1.00-1.50 m
indicating groundwater close to the root zone.
Five different depth intervals were used to map LGD.
LGD were found to be below 1.00 m in 0.40% (37 ha) of
the study area, between 1.00-1.50 m in 6.91% (634 ha) of
the study area, between 1.50-2.00 m in 28.14% (2583 ha)
of the study area, between 2.00-3.00 m in 54.96% (5045
ha) of the study area, and over 3.00 m in 9.60% (881 ha)
of the study area (Table 3). Most of the problematic sites
in terms of LGD were located in the southern part of the
study area.
When Figs. 3b and 3e were investigated together, it
could be seen that problematic areas were those having
lower groundwater elevation. Groundwater flows were
slower in this region, which causes drainage problems.
Overall, 35.45% (3254 ha) of the study area had groundwater depths of 0.00-2.00, corresponding to a negative
impact on plant growth.
In order to investigate possible impacts of irrigation
on groundwater, and determine whether or not groundwater depths are at levels likely to increase soil salinity, the
present study mapped groundwater depth in July (Fig. 3c),
the month with the highest evaporation and irrigation
rates. This map can also be used to indicate groundwater
depths according to plant development period. In order to
prevent excessive soil salinity, groundwater depths should
range between 2.00-4.00 m in arid and semi-arid regions,
and in cases where groundwater salinity levels exceed 2-6
dS m-1, groundwater depth should be a minimum of 2.00
m for proper plant growth [34]. In the case of the present
study, because the research site is located within a semiarid region, groundwater depth should be at least 2.00 m
to prevent salinity problems during plant growth stages.

Five different depth intervals were also used in mapping GDJ. GDJ values were found to be between 0.001.00 m in 0.62% (57 ha) of the study area, between 1.001.50 m in 14.16% (1300 ha) of the study area, between
1.50-2.00 m in 52.15% (4787 ha) of the study area, between 2.00-3.00 m in 30.73% (2821 ha) of the study area,
and over 3.00 m in 2.34% (215 ha) of the study area. In
other words, 6144 ha, or 66.93% of total study area had
groundwater depths between 0.00-2.00 m, and may thus
be considered under threat of excessive soil salinization.
Groundwater depth and salinity significantly affect
soil salinity [35]. Insufficient precipitation and excessive
evaporation are the two most important causes of salinization in arid and semi-arid regions. Excessive or faulty irrigation can lead to a rapid increase in groundwater levels
and soil salinity. In order to identify sites with possible
salinity problems, this study measured groundwater salinity in July. Drainage engineers classify groundwater
salinity as follows: 0.00-2.25 dSm-1: unsaline; 2.25-5.00
dSm-1: slightly saline; 5.00-7.50 dSm-1: saline; 7.50-10.00
dSm-1: highly saline; greater than 10.00 dSm-1: excessively
saline. More generally, sites with an electrical conductivity value greater than 5 dSm-1 are classified as saline [5,
31]. In the salinity map for July 2010 (Fig. 3d), 5 different
classes may be observed for the study area. A total of
33.69% (3093 ha) of the study area was found to have an
electrical conductivity value of less than 2.25 dSm-1 and
was thus determined to be unsaline; 50.20% (4,680 ha) was
slightly saline (2.25-5.00 dSm-1), 8.17% (750 ha) was saline (5.00-7.50dSm -1), 4.74% (435 ha) was highly saline
(7.50-10.00 dSm-1), and 3.20% (294 ha) was excessively
saline (10 dSm-1). In other words, salinity levels in 1479 ha,
or 16.11% of the study area, were above the critical level
of 5 dSm-1, and an additional 50% of the study area was
found to be under threat of salinization. Salinity problems
were most striking in the western and eastern sections of
the research site. Salinity and groundwater problems have
been observed in almost 50% of irrigated land in California and 30% of irrigated land in Pakistan [36].
Groundwater elevation maps generated using altitudes
and groundwater depths can be used to clearly indicate
flow direction and rate. Groundwater altitudes are determined by subtracting the water depth of a well from the
altitude of the same well. Contours may be drawn at 1, 5
or 10 m intervals, depending on the slope of the area. In
this study, the groundwater elevation map generated for
July (Fig. 3e) has contours drawn at 10-m intervals. As the
figure shows, the groundwater elevation of Suluova varied
between 489 and 415 m, descending from the northwest to
the southeast section of the research site; and flow direction is also from NW to SE.
3.4. Indicator Kriging (IK)

IK was used to generate probability maps of sites at risk
with regard to the relevant parameters. Probability maps are
shown in Fig. 4. The sections with highest and strong probabilities were assumed to show the boundaries of problematic sites, and results were interpreted accordingly.
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TABLE 3 - Spatial distribution of groundwater properties within the study area determined by Ordinary Kriging (OK).

Variable
Highest groundwater depth
Lowest groundwater depth
Groundwater depth in July
Groundwater salinity in July

< 1.00 m
Area
(%)
(ha)
1656
18.04
37
0.40
57
0.62
< 2.25 dSm-1
Area
(%)
(ha)
3093
33.69

1.00-1.50 m
Area
(%)
(ha)
3883
42.30
634
6.91
1300
14.16
2.25-5.00 dSm-1
Area
(%)
(ha)
4608
50.20

1.50-2.00 m
Area
(%)
(ha)
1880
20.48
2583
28.14
4787
52.15
5.00-7.50 dSm-1
Area
(%)
(ha)
750
8.17

2.00 -3.00 m
Area
(%)
(ha)
1761
19.18
5045
54.96
2821
30.73
7.50-10.00d Sm-1
Area
(%)
(ha)
435
4.74

3.00 < m
Area
(%)
(ha)
881
9.60
215
2.34
10.00 < dSm-1
Area
(%)
(ha)
294
3.20

FIGURE 4 - Spatial distribution of probability for groundwater properties: (a) highest groundwater depth <2.0 m, (b) lowest groundwater
depth <2.0 m, (c) groundwater depth in July <2.0 m, (d) groundwater salinity in July >5 dSm-1.

TABLE 4 - Probability ranges of risk areas for groundwater depths and salinity determined by Indicator Kriging.
Probability
range (%)
0.0 – 0.2
0.2 – 0.4
0.4 – 0.6
0.6 – 0.8
0.8 – 1.0

Area (%)
Highest ground
water depth
8.91
7.39
7.58
12.69
63.43

Lowest ground
water depth
23.97
34.85
21.00
18.70
1.48

HGD between 0.00-2.00 m indicate sites with a
drainage problem; therefore, probability distribution maps
of not exceeding 2.00 m were generated using values for
the HGD. Maps indicated that 63.43% (5823 ha) of the
research site had a highest probability (0.8-1.0) of groundwater depths between 0.00-2.00 m, 12.69% (1165 ha) had
a strong probability (0.6-0.8), and 16.3% (1496 ha) had a
weak probability (below 0.4). Ultimately, it was determined
that 76.12% of the research site had a potential for drainage
problems (Table 4).

Groundwater
depth in July
20.51
11.46
10.86
14.88
42.29

Groundwater
salinity in July
68.24
12.59
7.46
5.50
6.21

Sites with LGD between 0.00-2.00 m indicate areas
where the groundwater depth had a negative impact on plant
growth. Therefore, a threshold value of 2.0 m was used in
generating probability maps for sites with groundwater
depths between 0.00-2.00 m throughout the year. Maps
indicated that 1.48% of the research site had the highest
probability (0.8-1.0) of maintaining these levels, 18.70%
had a strong probability (0.6-0.8), and 21% had a medium
probability. In other words, in 20.18% of the research site,
groundwater depths could be expected to have a negative
impact on plant growth.
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In order to ensure proper root development and prevent soil salinity in arid and semi-arid regions, groundwater depth should exceed 2.00 m during the month with the
highest rate of irrigation. For this reason, this study examined the probability of groundwater depths exceeding 2.0 m
in the study area during the month of July. The findings
showed that 42.29% of the area had the highest probability
(0.8-1.0) that groundwater depths would not exceed 2 m in
July; 14.88% had a strong (0.6-0.8) and 10.86% had a medium probability. In other words, in 57.17% of the site,
groundwater was expected to have a negative impact on
root development and soil salinity.
With regard to groundwater salinity, the likelihood of
salinity problems in the study area was examined using a
threshold value of 5 dS m-1 to indicate problematic sites [5].
The findings showed that 6.21% of the research site had the
highest probability (0.8-1.0) of exceeding the threshold
for groundwater salinity, 5.50% had a strong probability,
and 7.46% had a medium probability (0.4-0.6). In other
words, 11.71% of the research site could be expected to
have problems related to salinity.

maintained below 3.00 m throughout the year. Further
research should examine seasonal changes in soil salinity.
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4. CONCLUSION
In this study, ordinary kriging and indicator kriging
methods were used to identify irrigated sites with existing
or potential drainage and salinity problems. Five different
maps were generated using measurements of groundwater
depth and salinity taken throughout the year.
Ordinary kriging was used to identify the spatial distribution of groundwater properties. Groundwater depth
was found to have risen to 0.00-2.00 m at least once during the water-year in 80.82% (7419 ha) of the study area,
whereas groundwater depth was found to have remained
between 0.00-2.00 m throughout the year in 35.45%
(3254 ha) of the study area. Groundwater depth in July
was found to have remained between 0.00-2.00 m in
66.93% (6141 ha) of the study area. In July, salinity levels
rose above the critical threshold of 5 dSm-1 in 16.11%
(1479 ha) of the study area, and about 50% of the area
was found to be under threat of salinization.
Probability maps for sites with possible drainage and
salinity problems were generated using indicator kriging,
which has been proven to offer significant contributions
in interpreting research results and developing preventative measures to solve potential problems.
The results indicated that some areas within the research site suffered from excessive drainage and salinity
problems, and that other areas were at risk of potential
problems. Since the research site is located in a semi-arid
region with excessive evaporation, measures should be
taken to prevent groundwater from reaching high levels
and causing salinity problems. Irrigation should be performed in a controlled fashion, and drainage systems
should be checked to ensure that groundwater depths are
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ABSTRACT
The purpose of this investigation was to determine some
biological parameters of the predator, Nabis pseudoferus
Rem. (Hemiptera: Nabidae), feeding on the Egyptian cotton
leaf worm Spodoptera littoralis Boisd. (Lepidoptera: Noctuidae). Experiments were conducted in a climatic chamber
at 25 ±1 °C and 60 ± 5 % RH under 16:8 light:dark photoperiod. N. pseudoferus feeding on S. littoralis individuals being on cotton seedlings kept in cages (12x8x7 cm)
was used for the experiments. Mortality rate was 33.33%
and females laid an average of 50.92 eggs during their life
time. From the constructed life table, the following parameters were obtained: the intrinsic rate of increase (rm, 0.079
females/female/day), net reproduction rate (Ro, 31.00 females/female), mean generation time (To, 43.246 days),
gross reproductive rates (GRR, 37.992), doubling time (T2,
8.729) and the finite rate (λ) of N. pseudoferus (1.083),
respectively.

KEY WORDS:
Nabis pseudoferus, Spodoptera littoralis, life table, cotton

1 INTRODUCTION
Cotton is one of the important crops in Turkey and
the major one for Çukurova region. In this region, there
are a lot of serious pests causing high losses in yield each
year [1]. Since insecticides did not show long lasting
effects in pest control and often destroy the natural balance, biological control was considered to be the only reliable technique in managing these pests. One of the important pests is the cotton leaf worm Spodoptera littoralis
(Boisd). S. littoralis is spread beyond Hatay, Adana, İçel and
Antalya provinces of Mediterranean region and Muğla province of Egean region [2]. Species of Nabidae (Hemiptera)
* Corresponding author

feed on Helicoverpa armigera Hübner, Heliothis peltigera
Schiff., S. littoralis and S. exigua (Hübner) [3-17]. N.
pseudoferus belonging to this family has been reported to
be a common species in Mediterranean and Agean regions
of Turkey and is one of the important predators of S.
littoralis [18].
N. pseudoferus was reported on cotton in Turkey [19,
20] but no detailed study has been done. Thus, this study
was aimed to determine some biological parameters of N.
pseudoferus feeeding on the prey S. littoralis under laboratory conditions.
2 MATERIALS AND METHODS
The stocks of S. littoralis and N. pseudoferus used in
this research were obtained from cotton (Gossypium hirsutum L., cv. Çukurova 1518) fields in Çukurova region.
In the laboratory, the prey was cultured on cotton, and N.
pseudoferus was reared on S. littoralis.
The gravid predator females were placed in a cage
(12x8x7 cm) with S. littoralis as food on cotton seedlings
to allow them to lay eggs. Then, females were removed
from the cages, with each cage having one egg. The cages
were observed three times per day until adult stage in order
to determine the incubation period of the eggs, duration of
immature stages, and mortality rates. Fecundity of N.
pseudoferus was determined by keeping a female and a male
one-day-old adult in the same cage with unlimited food of S.
littoralis in 1st – 2nd larval stage. Thirteen replicates were set
up. The duration of oviposition and postoviposition periods,
longevity and the number of eggs laid per cage were recorded by daily observations until all adults died.
The number of female offspring per female was calculated by dividing the number of eggs per cage by the number of females. The data obtained from daily observations
were used to construct the life table [21-28]. All parameters
were calculated by Remstat3 program [29]. All experiments
were carried out in a climatic chamber at 25 ±1 °C and 60 ±
5 % RH under 16:8 light:dark photoperiod.
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3 RESULTS AND DISCUSSION
3.1 Developmental time and female longevity

The developmental time of eggs, immature stages, and
the duration of various periods for adult females are given
in Table 1.

N. roseipennis (feeding on the larvae of the Tobacco
budworm Heliothis virescens) laid an average of 52 eggs
during life time [32]. The reported number of laid eggs is
very similar to the results of this study.
Life table and the parameters calculated for N.
pseudoferus are given in Table 2.

TABLE 1 - Duration of various biological periods, eggs, nymph
(N1-N5) and adult N. pseudoferus (days ± SE).
Life Stages
Egg
N1
N2
N3
N4
N5
Total immature
Adult
Oviposition
Postoviposition
Total

Average
12.85 ± 0.23
3.18 ± 0.17
2.64 ± 0.15
2.72 ± 0.09
2.82 ± 0.17
6.43 ± 0.15
30.93 ± 0.34
20.06 ± 2.44
25.31 ± 4.17
30.62 ± 8.20
50.83 ± 2.46

Minimum
11.00
2.00
1.08
2.00
1.00
5.00
27.00
6.50
8.00
1.00
37.21

TABLE 2 - Life table parameters of Nabis pseudoferus.
Intrinsic rate of increase, rm
Net reproductive rate, Ro
Mean generation time, To
Gross reproductive rate, GRR
Doubling time, T2
Finite rate of increase, λ

Maximum
14.00
7.00
4.54
3.66
4.29
7.62
34.28
46.83
53.00
75.00
79.08

0.079 ♀/ ♀/day
31.000 ♀/ ♀/generation
43.246 days
37.992
8.729
1.083

Survivorship curve (lx), age-specific fecundity rate
(mx) and reproduction value curve (Vx) are shown in Fig. 1.

The average duration of incubation was 12.85 days,
five nymph stages remained at an average of 3.18, 2.64,
2.72, 2.82 and 6.43 days, respectively. The mean total
developmental time from egg to adult was 30.93 days.
The adult females lived 50.83 days (average), with a
range of 37.21 to 79.08 days The ovipositional time averaged 25.31 days and postovipositional time was 30.62 days
(Table 1). Females laid an average of 50.92 eggs during
their life times. Sex ratio was calculated as 57.4% (female/male).
The periods of five nymphal stages of N. pseudoferus
feeding on Tetranychus cinnabarinus Boisduval (Acari:
Tetranychidae) and Aphis gossypii Glow. (Hemiptera:
Aphididae) were 3.90±0.12, 2.98±0.12, 2.53±0.12,
3.62±0.18, 8.58±0.77 and 5.27±1.09, 4.12±0.50, 6.06 ±1.17,
6.48±0.84, 5.81±1.52 days, respectively [30, 31]. Results of
the present study showed that S. littoralis is a suitable food
for nymph and adult stages of N. pseudoferus. Previous
studies using T. cinnabarinus and A. gossypii as food had
similar findings for nymph stages of the predator, while
they reported that adults could not grow well on the preys
[30, 31], possibly because preys are smaller and move more
rapid than S. littoralis.
In consequence, it can be mentioned that S. littoralis
is more suitable for the predator. Studies on 3 Nabis species (N. americoferus, N. roseipennis and N. rufusculus)
feeding on eggs of the Tobacco budworm Heliothis virescens revealed developmental times for egg, nymphal
stage and total development peroid of 10.0, 12.8, 11.6;
19.7, 24.0, 29.0; 29.6, 38.8, and 40.5 days at 24 °C, respectively, and 7.3, 10.1, 9.5; 16.8, 21.0, 21.9; 24.0, 30.7,
and 31.3 days at 27 °C, respectively [31].
Compared to these research results on other species at
27 °C, in contrast to this research at 25 °C, the test results
are very similar.

FIGURE 1 - Survivorship curve (lx), age-specific fecundity rate (mx)
and reproduction value Vx of Nabis pseudoferus.

Survivorship curve revealed that mortality rate of N.
pseudoferus was zero up to 42 days, and then, survival rate
started to decrease reaching zero by the 157th day. The mx
value (age-specific fecundity rate) started to increase by the
33th day, reached a peak by the 37th day, declined gradually
showing fluctuations, and then reached zero on the 87th
day. The mx curve indicated that N. pseudoferus females
deposited most of their eggs by the half of their oviposition period. N. pseudoferus is a promising candidate as a
biological control agent against Tuta absoluta [33]. This
predator can be used as an biological control agent in
greenhouses within the framework IPM programs.
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WATER TABLE FLUCTUATION EFFECTS ON FATE
AND TRANSPORT OF NITRATE IN THE SUBSURFACE
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ABSTRACT
Water table fluctuation (WTF) has been demonstrated
to influence solute transport in subsurface, but yet the importance of WTF for solute movement has generally been
ignored. In this study, laboratory tests were conducted to
explore the effects of WTF on the transport and fate of nitrate. Two types of soil columns with fluctuating and static
water table were used. The results showed that pore-water
velocities, dissolved oxygen and redox potential at different locations were increased and decreased when the water
table declined and increased. In this study, nitrate loss via
denitrification was not the same above (unsaturated zone)
and below (saturated zone) the water table, and the pattern
of influence was different between the unsaturated and
saturated zone. In the unsaturated zone, WTF enhanced the
increasing trend of NO3--N concentrations and the decreasing trend of NH4+-N concentrations. The effect became
more significant at the location being closer to the water
table. In the saturated zone, WTF slowed down both the
decreasing trend of NO3--N and the increasing trend of
NH4+-N; the farther the distance from the water table, the
more notable the effects. Furthermore, at both the unsaturated and saturated zones, the NO3--N concentrations would
decrease with the increase of water table, and the NH4+-N
concentrations would, however, increase. When the water
table declined, the trends would become opposite. These
results suggest that WTF should be considered when monitoring subsurface fate and transport of surface-applied
NO3− in shallow ground water.
KEYWORDS: Water table fluctuation (WTF); column tests; redox
potential; nitrate transport

of groundwater is one of the problems faced by many countries [1-8]. Nitrate is soluble and negatively charged, and
thus has a high mobility and potential for loss from the
unsaturated zone by leaching [9, 10].
The fate of nitrate does not only depend on its interactions with the solid phase, but also on the flow velocity of
pore-water in the soil. WTF may influence the pore-water
velocity and nitrate degradation in the soil as well as vary
the water content and hydraulic conductivity in soil. These
variations change the water, solute and gas transport from
the soil surface to the aquifer [11]. At present, most works
about the fate of nitrate have taken no account of the
factors of WTF [12-14]. In fact, the water table and the
capillary fringe in natural environments fluctuate at different time scales ranging from hours to years [15]. WTF
may arise from natural recharge and discharge, groundwater extraction or injection via wells, seasonal rainfall,
barometric effects, tidal influences and evapotranspiration
cycles. WTF may change advection, dispersion, degradation
and adsorption conditions near the interface of the saturated
and unsaturated zone. At present, studies on effects of WTF
influencing nitrogen removal from constructed wetland
mesocosms have been conducted [16-21]. An experimental
study on migration of light non-aqueous phase liquids
(LNAPL) under WTF in subsurface has also been performed [22].
However, studies on effects of WTF on the transport
and fate of nitrate in subsurface were rarely reported.
Herein, the column tests were conducted to examine the
change of NO3--N, NH4+-N and NO2--N concentrations
under WTF. The specific objective of this study was to
evaluate the fate and transport of nitrate in unsaturated and
saturated zones under WTF, and explore the migration and
transformation rule of nitrate in subsurface under WTF.

1 INTRODUCTION

2 MATERIALS AND METHODS

The contamination of groundwater by substances
from various point and non-point sources has aroused much
attention over the past decades. The nitrate contamination
* Corresponding author

2.1 Experimental set-up

The experiments are performed within two packed soil
columns: (i) one for static control and (ii) the other with
fluctuating water table in order to simulate effects of WTF
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on migration and transformation of nitrate in subsurface.
The soil column is made of a transparent PVC tube with a
wall thickness of 1 cm and an internal diameter of 20 cm.
The soil column consists of two separate tubes (each 50 cm
high) that are connected securely by a rubber O-ring and a
clamp system. This arrangement is necessary for the ease
of compaction. Screw clamp system was employed to prevent water leakage at the joint between two separated cylinders, as well as the joint between the cylinder and base
plate. An O-ring is placed in groove, and fastened with
bolts and nuts. The silicon grease is applied on the surface
plates of the joints to improve the resistance to water leakage. The bottom of the column is packed with a 10-cm
quartz sand layer. The columns are filled with a sand and silt
interbed, which is overlaid by a 10-cm thick glass ball
(diameters 5-6 mm) layer; this is to ensure the contamination could be delivered onto the soil surface in a relatively
uniform pattern. There is a free space of 5 cm at the top of
the column. Plastic meshes are inserted between the sand
and silt layer in order to prevent the silt sinking through
the sand. The outlet of the column is connected with a 1-cm
diameter tube to a water reservoir. This reservoir is placed
on a table that could move up or down at a constant velocity. The soil column is saturated from bottom to 20 cm
below the top. The amplitude of WTF is set around 60 cm.
Soil solutions are obtained at different depths using microlysimeters installed along the sidewall of the columns, with
intervals of 15 cm. The apparatus for the column test is
shown in Fig. 1, and characteristics of the column system
are summarized in Table 1.

in the laboratory tests are taken from the layer which is
about 10-15 m below ground surface in the Changping
District of Beijing, China. A series of laboratory tests are
conducted to determine the soil properties. Grain size gradation of medium sand and silt are shown in Fig. 2, and
physicochemical properties of the soils in Table 2.

FIGURE 1 - Apparatus for the column test.
TABLE 1 - Characteristics of the filler column.

2.2 Soil properties

Soil column material
Soil column capability
Soil column specification

The particle size of the quartz sand used in the test
ranges from 10 to 20 mm. Medium sand and silt employed

Medium sand total mass
Silt total mass

Organic glass
25,434 cm3
20 cm (inner diameter),
22 cm (external diameter), 100 cm (high)
34 288.8 g
4 986.32 g

FIGURE 2 - Curve of grain size gradation.

TABLE 2 - Physicochemical properties of the soils.

sand
silt

Density
(g/cm3)
1.116
1.303

Porosity
(%)
42.69
36.39

NO3--N content
(mg/kg)
2.449
4.742

NO2--N content
(mg/kg)
0.127
0.142

NH4+-N content
(mg/kg)
2.571
1.857
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Organic matter
(%)
0.672
2.288

pH
8.36
8.6

Non-uniformity
coefficient
2.714
7.69
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2.3 Experimental procedures

Do/mgL

-1

6
4

1#
2#
3#
4#
5#
6#

2
0

0

50

100

150

200

250

200

250

Time/h
Soil column I

8

-1

6
Do/mgL

The experiment focuses mainly on the performances
of the two soil column tests comprising of two different
types of soil subjected to static and fluctuating water
tables. Prior to the tests, the columns are packed with sand
and a middle layer of silt with 10 cm thickness. A 5-cm
layer soil is filled and compacted first, followed by the
same actions after the overall sand column is filled up.
Then, the soil columns are saturated from bottom to 45 cm
away from bottom by filling pure distilled water until
capillary phenomenon and natural soil consolidation are
stable for seven days. Afterwards, 8 L potassium nitrate
solution with the concentration of 220 mg/L is quickly
poured into the two sand columns from the top. The water
table is made fluctuant in sand column 2 but kept static in
sand column 1 when the solution infiltration is stable after
56 h. The whole process of WTF is controlled by the
position of the water tank, as shown in Fig. 3.

4

1#
2#
3#
4#
5#
6#

2
0

0

50

100

150

Time/h
Soil column II
FIGURE 4 - Dissolved oxygen content changes.

250
200
Eh/mv

FIGURE 3 - Variation of the water tank position.

3 RESULTS AND DISCUSSION

150

The water table in column 1 is kept static and that in
column 2 is controlled fluctuating. The sampling point of
1-3# is above the water table, and that of 4-6# is located
below. In the entire testing process, the NO2--N concentrations are relatively low and the change of concentrations is insignificant; therefore, its analysis is neglected.
The concentration variations of NO3--N and NH4+-N under fluctuating and static water tables are focused on.

250

3.1 Dissolved oxygen and redox potential change

200

3.2 Effect of WTF on the fate of nitrate in the unsaturated
zone above the water table
3.2.1 The concentration change of NO3 -N

Figure 6 shows that (1) NO3--N concentrations of 13# (in the unsaturated zone) above the water table turn to
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The whole test lasts 256 h from the beginning of simulating WTF. Temperature (T) and pH change slightly in
the entire experimental process (T = 19±0.2 °C; pH =
7.3±0.25). Dissolved oxygen (DO) and redox potential
(Eh) change with WTF (Figs. 4 and 5).
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FIGURE 5 - Oxidation reduction potential changes.
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of 1-3# would rise gradually. When the water table moves
up, NO3--N concentrations of 1-3# would decline. The
effect on NO3--N concentrations is less obvious with the
increase of the number of WTF.

50

+

3.2.2 The concentration change of NH4 -N

45

NH4+-N concentrations of 1-3# (in the unsaturated
zone) above the water table show a trend of decline with
time under fluctuating and static water table (Fig. 7). And
the decreasing amplitudes of NH4+-N concentrations under fluctuating water table are slightly bigger than those
under static water table. The decreasing amplitude of
NH4+-N concentrations of 1-3# under static water table is
58.39, 61.37 and 73.52% whereas that under fluctuating
water table is 67.33, 73.39 and 90.97%, respectively.
Figure 7 also indicates that, under both static and fluctuating water tables, the closer the distance to the water table,
the larger the decreasing amplitude of NH4+-N concentrations would be. Furthermore, WTF has a more obvious
effect on NH4+-N concentrations. The closer to the water
table, the more notable the effects are. In addition, when
the water table moves down, the NH4+-N concentrations of
1-3# would decline gradually; conversely, when the water
table moves up, the concentrations would increase. The
effect on NH4+-N concentrations becomes less remarkable
as the number of WTF increases.

fluctuating water table
static water table

-

NO3 -N concentration( mg/L)

55

40
0

100
Time( hrs)
(a) 1#

200

NO3 -N concentration( mg/L)

50
45
40

-

35

fluctuating water table
static water table

30
0

100
Time( hrs)
(b) 2#

200

3.3 Effect of WTF on the fate of nitrate in the saturated zone
below the water table

NO3 -N concentration( mg/L)

60

-

3.3.1 The concentration change of NO3 -N

50

fluctuating water table
static water table

-

40

30
0

100
Time( hrs)
(c) 3#

200

FIGURE 6 - NO3--N concentrations of 1# (a), 2# (b) and 3# (c) in the
unsaturated zone.

increase with time under fluctuating and static water table.
The increasing amplitudes under fluctuating water table
are higher than those under static water table. The increasing amplitude of NO3--N concentrations of 1-3# is 8.25%,
4.47%, 3.8% under static water table and 8.63%, 5.32%,
4.98% under fluctuating water table. (2) The closer to the
water table, the lower the increasing amplitude of NO3--N
concentrations is. The WTF could promote such a trend
but cannot alter it. Furthermore, we compare the difference
of increasing amplitude between fluctuating water table
and static water table. The results show that the effects are
more notable when being closer to the water table. (3)
When the water table moves down, NO3--N concentrations

NO3--N concentrations of 4-6# (in the saturated zone)
below the water table show a trend of decrease with time
under fluctuating and static water table (Fig. 8). Decreasing
amplitudes of NO3--N concentrations (i.e. concentration increment divided by initial concentration) under fluctuating
water table are lower than those under static water table.
The decreasing amplitude of NO3--N concentrations of 46# under static water table is 50.25, 44.84 and 28.25% but
that under fluctuating water table is 41, 35.25 and 6.35%,
respectively. Figure 8 also indicates that, under both static
or fluctuating water tables, the farther the distance from
the water table, the lower the decreasing amplitude of
NO3--N concentrations would be. WTF could slow down
this trend but cannot alter it. Furthermore, we compare the
difference of decreasing amplitude between fluctuating
water table and static water table. The results show that
the farther the distance from the water table, the more
notable the effects are. In addition, when the water table
moves down, NO3--N concentrations of 4-6# would rise
gradually; conversely, when the water table moves up, the
concentrations would decline. The effect on NO3--N concentrations becomes less remarkable as the number of
WTFs increases.
+

3.3.2 The concentration change of NH4 -N
+

Figure 9 shows that (1) NH4 -N concentrations of 46# (in the saturated zone) above the water table turn to
increase with time under fluctuating and static water ta-
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FIGURE 7 - NH4+-N concentrations of 1# (a), 2# (b) and 3# (c) in the
unsaturated zone.

FIGURE 8 - NO3--N concentrations of 4# (a), 5# (b) and 6# (c) in the
saturated zone.

ble. The increasing amplitudes of NH4+-N concentrations
under fluctuating water table are lower than those under
static water table. The increasing amplitudes of NH4+-N
concentrations of 4-6# under static water table are 24.78,
47.2 and 51.4% but under fluctuating water table 11.12,
28 and 30.3%, respectively. (2) Under both static and
fluctuating water tables, the farther the distance from the
water table, the higher the increasing amplitude of NH4+N concentrations would be. WTF could slow down such
trend but cannot change it. Furthermore, through the
comparison of the increasing amplitude difference between the fluctuating water table and static water table, it

is evident that the farther the distance from the water
table, the more notable the effects are. (3) When the water
table moves down, NH4+-N concentrations of 4-6# would
decline gradually; conversely, when the water table
moves up, the concentrations would increase. The effect
of water table ascent and descent becomes less obvious on
NH4+-N concentrations as the number of fluctuations
increases.
3.4 Discussion

In this section, the potential reasons that may result in
the experimental values are discussed. The sampling points
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saturated zone.

above the water table are unsaturated in the initial state,
consisting of soil particles, solution and air. Usually, pore
water exists in the form of hygroscopic water and free
water. Water table decline leads to the weakening of capillary effects as well as decreasing free water content and
saturation in the sampling points. Because the hygroscopic
water around the soil particles always carries negative charge
(forming an electric field), most of the NH4+ ions exist in
hygroscopic water. And the increase of oxygen concentration
and the contact area between the air and solution in the

pore space promotes the nitrification of NH4+-N but inhibits denitrification of nitrate and the anaerobic oxidation of
ammonia nitrogen which makes a contribution to the increase of nitrate concentration and the decrease of that of
NH4+-N. On the other hand, the water table rise would lead
to the increase of free water content and saturation, the
decrease of contact area between the air and solution, and
the decrease of oxygen concentration. These changes cause
inhibition of the nitrification of NH4+-N and promotion of
denitrification of nitrate and the anaerobic oxidation of ammonia nitrogen. Until the water table is above the sampling
points, the denitrification of nitrate and the anaerobic oxidation of ammonia nitrogen would be promoted by the
consumption of oxygen resulting from nitrification. Based
on Fig. 7, NH4+-N concentrations had an increasing trend
when the water table rises. This proves that NH4+-N produced by denitrification is more than that consumed by
anaerobic oxidation of ammonia nitrogen.
The sampling points below water table are in the
saturated state, consisting of soil particles and solution. In
the saturated soil, the solute flowing with water mainly
stays in the form of convection and dispersion. When water
table declines, the pore water of the sampling points
would flow from top to bottom in the form of free water
and the distance between sampling points and water table
became smaller which makes a contribution to the increase
of oxygen concentration, the promotion of nitrification of
NH4+-N, the inhibition of denitrification of nitrate, and the
anaerobic oxidation of ammonia nitrogen. The final result
would be the increase of NO3--N concentration and the
decrease of NH4+-N concentration. When water table rises
and the upper solution in the soil would be substituted by
the lower one, the distance between the sampling points
and water table would become larger and the oxygen content in solution recharged by the outside would be less than
the consumption. This promotes the denitrification of microorganisms and the anaerobic oxidation of ammonia nitrogen, leading to the decrease of NO3--N concentration. The
increasing tendency of NH4+-N concentration in the figure
proves that the content produced by nitrification and convection and dispersion of solution is more than that produced by the anaerobic oxidation of ammonia nitrogen.
On the contrary, the decreasing tendency of NH4+-N concentration indicates that the content produced by nitrification and convection and dispersion of solution is less than
that produced by the anaerobic oxidation of ammonia nitrogen.
4 CONCLUSIONS
In this study, two column tests were performed under
stable and fluctuating water table. The aim was to explore
the effects of WTF on migration and transformation of nitrate in the unsaturated and saturated zones. The study results
showed that, there were different influences on WTF in the
unsaturated and saturated zones. In the unsaturated zone,
WTF promoted the increasing trend of NO3--N concentra-
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tions and decreasing trend of NH4+-N ones. The closer the
distance to the water table, the more significant effects
would arise. In the saturated soil, WTF slowed down the
decreasing trend of NO3--N concentrations and the increasing trend of NH4+-N concentrations. The effects became
more obvious, when the distance to the water table was
larger. It was found that, in the unsaturated zone, NO3--N
concentration decreased and NH4+-N concentration increased with a rising water table. And the effect on NO3--N
concentrations was less remarkable with an increasing number of WTF. Furthermore, the concentrations of NO2--N
were always in low levels and had a slight change when
the water table fluctuated during the test.
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ABSTRACT

are known to be toxic, and have the potential to be carcinogenic [4]. These two methods are not suitable for extensive

Transformation of indole by laccase in the presence
of phenol using 2, 2-Azino-bis (3-ethylbenzthiazoline-6sulphonic acid) (ABTS) as mediator was studied. The experiments were performed with different pH, enzyme dosage, ABTS and phenol concentration. The results showed
that the degradation efficiency of indole was better in the
acid solution. ABTS and phenol had significant effect on
transformation of indole in the liquid substrate. Phenol could
be oxidized by laccase substrate, and also enhance the degradation of indole. The intermediates of phenol could act as
laccase mediator different from ABTS, which enhanced
transformation of indole.

KEYWORDS:
laccase / ABTS mediator system; phenol; indole; transformation

1. INTRODUCTION
Indole is a kind of typical nitrogenous heterocyclic compounds (NHCs) widespread existing in the coking wastewater, dye wastewater, pharmaceutical wastewater, pesticide wastewater and other industry wastewaters [1]. This
compound produces potential harm to the environment, and
is reported to be mutative, carcinogenic and accumulated in
higher organisms (including humans) via the food chain [2].
Indole is easily oxidized by physical catalysis or chemical disinfection [3]. But the physical reactor is expensive
with high energy consumption [3]. Using chemicals will
result in the formation of other aromatic products, which

* Corresponding author

application in environment. However the oxidation of indole is much more difficult and complicated, because the
degradation of indole needs a variety of cells and oxidases
involved [4]. A high concentration of indole inhibits microbial growth [3, 4]. Even so, the researches on biooxidation
of indole have made huge advancements over the last twenty
years. Sakamoto et al. [5] reported that indole was degraded by a bacterium isolated from tap water. Indole could be
converted into oxindole under the direction of certain oxygenase-type P450s [6]. Ren et al. [7] found that white rot
fungus could co-metabolise indole through the production
of laccase in the presence of phenol and quinoline.
Practically, the actual wastewater is also characterized by high concentration, complicated components and
difficult capability of degradation including indole and
other toxic organic pollutants such as phenol [2, 8]. It also
has an inhibitory effect on microorganism. Laccases (EC
1.10.3.2) are multi-copper enzymes which catalyze the oxidation of a broad range of substrates such as polyphenols,
substituted phenols, diamines and some organic compounds with a higher redox potential varying from 0.4 to
0.8 V [9]. However, laccases can not oxidize non-phenolic
substrates (the redox potential is above 1.3V) directly [10].
At present researchers find that this limitation can be overcome by using certain small-molecular weight compounds
expanding the catalytic activity of laccase towards more
recalcitrant compounds such as non-phenolic lignin [11, 12].
In our previous work, we have obtained the characteristics of LMS to transformation of indole [13]. The removal rate of indole was the highest at pH 3.5, and the
rate depended on the concentration of ABTS not laccase
doses. The new substances were oxindole and isatin. The
above results showed that LMS can efficiently remove
indole in the liquid substrate, but transformation studies
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of indole with other organic compounds coexisting in the
liquid substrate by LMS have not been reported. In this
paper, 2,2-Azino-bis (3-ethylbenzthiazoline-6-sulphonic
acid) (ABTS), the common substrate of laccase, was
selected as the mediator. Phenol, one of the most industrial important chemicals, was selected as coexisting compound of indole for all experiments.
2. MATERIALS AND METHODS
2.1 Materials

Laccase (produced by Pleurotus ostreatus) and 2, 2Azino-bis (3-ethylbenzthiazoline-6-sulphonic acid) (ABTS)
were provided by Sigma. Indole was purchased from Sinopharm Chemical Reagent co., Ltd (Shanghai, China).
The other reagents and substrates were obtained from
Beijing Chemical Reagent (Beijing, China).
2.2 Enzyme activity

1U corresponds to the amount of enzyme which converts 1 µmol of pyrocatechol per minute at pH 4.5 and
25ºC. All assays were performed in triplicate.
2.3 Transformation of indole by LMS in the presence of phenol

All experiments were performed in a HACH tube
containing 0.5 mL indole, 0.5 mL enzyme, 0.5 mL phenol, 0.5 mL ABTS, and 1 mL 0.1 M acetic acid-sodium
acetate buffer at 25ºC. Reaction solutions were prepared
by diluting the stock solution of materials to the desired
concentrations with distilled water. They were stored in a
dark place and kept stoppered.
2.4 HPLC analysis

The reaction mixture was monitored through HPLC
(Agilent 1100 series, Agilent, Waldbronn, Germany). Samples were vortexed well and filtered through 0.45 µm syringe filter, then injected (10 µL) into ZORBAX SBC-18
(Applied Biosystems) column and eluted using 60% methanol at the flow rate of 0.8 mL/min. The eluate was monitored at 270nm in a diode array detector. All the experiments
were carried out independently in triplicate, and the results
were the average of the three replicated experiments.

test tubes and incubated for 2h, 12h, 24h, 36h, 48h with
the laccase (initial concentration of 1 U) in the presence
of ABTS (initial concentration of 0.25mmol/L) at room
temperature and pHs between 3.5 and 6.5.
It was observed that in the first two hours, the transformation rates of phenol and indole were approximately
the same at pHs from 3.5 to 6.5. However, after this period,
the enhancement in phenol conversion diminished particularly at pHs below 4.5. Fig. 1(A) showed that the redox
potential of indole tended to decrease as pH decreased.
After 48h the biodegradation rate of indole reached above
90% at pH 3.5, only about 60% at pH 6.5. A bell-shaped
profile exhibited in Fig. 1(B) over a range of pHs (3.56.5). At pHs between 3.5 and 4.5, the transformation rate
of indole was faster than that of phenol. At pHs between
4.5 and 5.5, the degradation rates of phenol and indole
were similar, and at pHs between 5.5 and 6.5 phenol degradation was faster.
Catalytic activity depends on pH and there is a cumulative result of pH-related changes in the substrate, oxygen, and laccase [14]. For example, the rate of electron
transfer from the substrate to the T1 copper in the active
site of laccase is generally regarded as the rate-limiting step
in the laccase-catalyzed reaction. The rate is correlated with
the redox potential difference (∆E0) between the T1 copper and the substrate [14, 15], as follows:

ΔE 0 = E 0 (T 1copper）- E 0 (substrate）
The redox potentials of some fungal laccases are relatively constant from pH 2 to 7 [16]. In the contrast, the
redox potential of a phenolic substrate tends to decrease
as pH increases [17]. These two different ways would
result in an increase of ∆E0. So the reaction between a
phenolic substrate and the T1 copper drives force as the
pH becomes higher. A higher rate of electron transfer depends on the higher driving force. However, the concentration of hydroxide ion is also increasing at higher pH.
The binding of hydroxide ion to the T2 copper atom
inhibits laccase reactivity at higher pH. The combination
of all these factors contributes to the creation of bellshaped oxidation profiles. So a bell-shaped profile always

3. RESULTS
3.1 Effect of pH on phenol removal and indole degradation

Indole (initial concentration of 30 mg/L) and phenol
(initial concentration of 30 mg/L) were distributed into 3 mL
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FIGURE 1 - Transformations of phenol and indole at various pHs after (■) 2 h, (●) 12 h, (▲) 24 h,( ▼) 36h and (◆) 48 h by LMS.
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appears as the transformation of a phenolic substrate by
laccase [17].
ABTS has been proved to be an efficient mediator to
enhance the conversion of indole, and the degradation of
indole trended to decrease as pH increased by LMS [13].
Though the redox potential (E0) of ABTS (690 mV) is
lower than that of the T1 copper (785 mV) [18, 19]. This
produces a high ∆E0 and brings out a driving force for
electron transfers between T1 copper and ABTS. The
mechanism of LMS is as follows: laccase is activated in
the presence of oxygen, and in turn the enzyme oxidizes
the mediator. Subsequent diffusion of the oxidized mediator in the water oxidizes the target. It is believed that the
ABTS++ oxidizes non-phenolic compounds, and the
ABTS cation radical was more stable as the pH decreased
from 11 to 3 [20]. So the effectiveness of ABTS would be
the greatest at low pH.
Above all, the phenol oxidized by laccase is isolated
from the degradation of indole. ABTS and phenol all
could contact with laccase. When phenol joined into this
system, its intermediates probably acted as laccase mediator. The intermediates of phenol competed with ABTS in
that the pH choice changed.
3.2 Effect of enzyme dosage on phenol removal and indole
degradation

Experiments were conducted to examine the effects
of laccase dosage on the transformations of phenol and
indole at pH 3.5 and room temperature in the presence of
ABTS (0.25 mmol/L). These conditions were chosen to
ensure optimal indole transformation. Initial concentrations of phenol and indole were 30 mg/L and residual
phenol and indole were measured at 2, 12, 24, 36 and 48h.
Fig.2 showed that the degradation rates of phenol and
indole were enhanced with increasing the laccase concentration. The rate of phenol oxidation was lower than that
of indole. With the initial concentration of 4 U laccase,
the degradation rate of phenol was 30% above 0.5 U, but
the degradation rate of indole was 20% above 0.5 U
which confirmed that the degradation rate of indole was
similar using more laccase with LMS [13].

3.3 Effect of ABTS concentration on phenol removal and
indole degradation

The oxidation reaction has been performed in 3 mL
quartz cuvette, using buffer solution of 0.1 M acetic acidsodium acetate (1 mL) at pH 3.5. Samples from 0.15 to 1
mmol/L of ABTS (0.5 mL) were added with 1 U laccase
(0.5 mL) in the presence of phenol and indole. They were
measured at 2h, 12h, 24h, 36h and 48h.
As shown in Fig.3, the presence of ABTS in the reacting mixture significantly enhanced the transformation
of indole. The use of ABTS at an initial concentration of 1
mmol/L resulted in 90% transformation rate of indole
after 24h. Fig. 3(A) showed that the efficient transformation of indole occurred in 24h. As shown in Fig. 3(B),
when the initial concentration of ABTS was 0.5 mmol/L,
the degradation rate of phenol was highest, while the
lowest degradation rate of indole was achieved in the
presence of ABTS at an initial concentration of 0.25
mmol/L. Before 24h, the degradation rate of phenol was
lower with a higher ABTS concentration.
This phenomenon showed that the oxidation mechanisms of phenol and indole using LMS were different. A
high concentration of ABTS was required to obtain the
efficient transformation of indole, but the high concentration of ABTS restrained the conversion of phenol. Phenol
could be oxidized by laccase without other mediators. The
presence of high concentration ABTS reduced the opportunity of phenol to contact with laccase, so degradation of
phenol was easily inhibited by high concentration ABTS.
This is consistent with the results of pH. The chemical
stability of ABTS (and its oxidized species), not laccase,
limits the lifetime of the system [19].
3.4 Effect of phenol concentration of laccase/ABTS fixator
system on degradation of indole

Indole (30 mg/L) oxidation by laccase (1 U) with
ABTS (0.5 mmol/L) in 0.1 M acetic acid-sodium acetate
pH3.5 containing phenol was studied at room temperature
and complete darkness. After 24h, samples were analyzed
by HPLC.

100

80
60
40
20

(A)
0

10

20

30

40

50

The removal rate of phenol(%)

The removal rate of indole(%)

100

Time(h)

80
60
40
20

(B)
0

10

20

30

40

50

Time(h)

FIGURE 2 - Transformations of phenol and indole at pH 3.5 by 0.5U (■), 1U (●), 2U (▲), 3U (▼), 4U (◆) laccase in the presence of ABTS.
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Fig. 4 showed that the degradation rate of indole had
a linear relationship by means of mathematical statistics
and analysis. The degradation rate of indole gradually rose
with phenol concentration increasing in the presence of
ABTS or not. Addition of phenol could significantly promote the degradation of indole.
The existence of phenol could enhance LMS to oxidize indole, but the effect was not obvious. From Fig. 4, it
could be seen that phenol also played an important role in
increasing the degradation rate of indole without ABTS.
Phenol could not be regarded as mediator, because it was
consumed during the redox transformation. Calcaterra et
al. [21] found that the existence of hydroquinone allow laccases to oxidize non-phenolic compounds. Díaz-González et
al. [22] found that the electrochemical redox potential of the
phenolic enhancers had a negligible relevance for their capacity to oxidize veratryl alcohol in the presence of laccase,
supporting the H-abstraction oxidation mechanism. In our
research, relatively stable oxidized intermediates of phenol transformation together with the high concentration of
free radicals determined the efficiency of the mediators /
enhancers [23]. The formative rate of phenol oxidized in-

termediates was faster as with higher phenol concentration, more phenol oxidized intermediates were produced to
degrade more indole with laccase.
4. DISCUSSION
Laccases are versatile biocatalysts for industrial applications. Much research has been done with LMS to
enhance the conversion of the single pollutant. However,
the degradation research of LMS to oxidize under the
coexistence of a variety of pollutants is less. We choose
the common pollutant phenol in the wastewater as indole’s coexist factor, forming the matrix system.
When indole, phenol and their mixture were oxidized
by LMS, the color changes of reaction process were different in the liquid substrate. The color changes of single
phenol reaction process: blue→green→turquoise→light
yellow. The color changes of single indole action process:
blue→green→turquoise→faint yellow. The color changes
of the mixture reaction process: blue→green→turquoise
→ coffee. After 48h, coffee precipitation was found in the
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mixture reaction system and the liquid color became light,
while there was no precipitation or color change in the
liquid containing indole alone. All these showed that the
oxidation of indole by LMS have different mechanism in
the presence of phenol or not.
The ABTS radicals appeared blue in the reaction process, but the blue appeared later in the presence of phenol.
This showed that laccase would oxidize phenol firstly.
Then ABTS was oxidized by laccase generating the redox
potential ABTS+ and ABTS++. At last ABTS++ had a significant effect on indole [13]. The experiment of pH also
confirmed the above conclusion. Phenol could be oxidized by laccase directly, and the intermediates of phenol
formed a new mediators system with laccase. Phenolic
substances belongs to >N-OH mediators different from the
electron transfer mechanism followed by ABTS++ [14].
Phenoxyl radicals (PhO·) generated during phenol oxidation by laccase, would act analogously to nitroxyl radicals
(＞N-O·), following a hydrogen atom transfer oxidation
mechanism similar to 1-hyroxybenzotriazole (HBT) [24].
So there was competition between phenol and ABTS that
influenced the indole degradation.
Precipitate was found in the reaction system containing phenol. Stanescu et al. [25] also found brown precipitate in the aqueous solution when Trametes pubescens
laccase was applied for the biocatalyst to apple juice phenolic compounds oxidation. Hu et al. [26] used laccase to
decolorize the indigo dye wastewater in the presence of
phenol, and the decolorization rate increased above 80%.
Liu et al. [27] considered that dyes were polymerized in
the presence of mediators by laccase. Indole is the nuclear
parent of indigo [26]. They may have similar chemical
properties and behaviors. Indole would be polymerized by
phenoxyl radicals which resulted in the indole concentration declined in the water. The samples were filtered
through 0.45 µm syringe filter before injected in HPLC.
The precipitate and color were trapped in the filter. So the
removal rate of indole was higher by LMS in the presence
of phenol.

ence of ABTS or not. It could be seen that the indole was
hydroxylated to oxindole and isatin firstly by laccase
mediator system.
5. CONCLUSIONS
ABTS and phenol were the important factors for the
transformation of indole in liquid substrate. Phenol could
be used as laccase substrate, and also played a role in
promoting the degradation of indole. The intermediates of
phenol could act as laccase similar to HBT, which enhanced transformation of indole in coordination with the
laccase / ABTS mediator system.
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Laccase is mainly secreted by white rot fungi [28].
Ren et al. [7] selected Pleurotus ostreatus white rot fungus to degrade indole. The removal rate of indole increased
as the laccase activity increased in the biodegradation system with low concentration of indole. Fungal biodegradation of indole started from oxidation at 2- and 3-positions,
followed by hydroxylation and cleavage of the pyrrole ring
between 2- and 3- positions [7]. Chen et al. [3] also found
that indole was first hydroxylated at 2- and 3-positions to
oxindole and isatin, and then converted to indolenine-2dione and 2-dioxindole, which pyridine ring was cleaved
in C-N position by a novel endophytic fungus. Laccase
was confirmed that it could degrade recalcitrant pollutant
such as lignin [28]. Indole would be mostly oxidized by
laccase in the biological oxidation processes of fungi.
Small molecular compounds acting as laccase enhancers
were general in fermentation liquid [24]. The degradation
process of indole would be similar by laccase in the pres-

2957

The authors have declared no conflict of interest.
REFERENCES
[1]

Li, Y.M., Gu, G.W., Zhao, J.F. and Yu, H.Q. (2001) Anoxic
degradation of nitrogenous heterocyclic compounds by acclimated activated sludge. Process Biochemistry 37(1), 81-86.

[2]

Zille, A., Ramalho, P., Tzanov, T., Millward, R., Aires, V.,
Cardoso, M.H., Ramalho, M.T., Gübitz, G.M. and CavacoPaulo, A. (2004) Predicting dye biodegradation from redox
potentials. Biotechnology Progress 20(5), 1588-1592.

[3]

Chen, Y., Xie, X.G., Ren, C.G. and Dai, C.C. (2013) Degradation of N-heterocyclic indole by a novel endophytic fungus
Phomopsis liquidambari. Bioresource Technology 129, 568–
574.

[4]

Hong, X., Zhang, X.J., Liu, B.B., Mao, Y.J., Liu, Y.D. and
Zhao, L.P. (2010) Structural differentiation of bacterial
communities in indole-degrading bioreactors denitrifying and
sulfate-reducing conditions. Research in Microbiology 161,
687–693.

[5]

Sakamoto, Y., Uchida, M. and Ichibara, K. (1953) The bacterial decomposition of indole. I. Studies on its metabolic
pathway by successive adaptation. Medical journal of Osaka
University 3, 477-486.

[6]

Yuan, L.J., Liu, J.B. and Xiao, X.G. (2011) Biooxidation of
indole and characteristics of the responsible enzymes. African Journal of Biotechnology 10, 19855-19863.

[7]

Ren, D.J., Zhang, X.Y., Yan, K.L., Yuan, S.H. and Lu, X.H.
(2006) Studies on the degradation of indole using white rot
fungus. Fresenius Environmental Bulletin 15, 1238-1243.

[8]

Camarero, S., Garcı́a, O., Vidal, T., Colom, J., del Rı́o, J.C.,
Gutiérrez, A., Gras, J.M., Monje, R., Martı́nez, M.J. and
Martı́nez, A.T. (2004) Efficient bleaching of non-wood highquality paper pulp using laccase-mediator system. Enzyme
and Microbial Technology 35, 113-120.

© by PSP Volume 22 – No 10. 2013

[9]

Fresenius Environmental Bulletin

Keum, Y.S. and Li, Q.X. (2004) Fungal laccase-catalyzed
degradation of hydroxy polychlorinated biphenyls. Chemosphere 56(1), 23-30.

[10] Fillat, A., Colom, J.F. and Vidal, T. (2010) A new approach
to the biobleaching of flax pulp with laccase using natural
mediators. Bioresource Technology 101(11), 4104-4100.
[11] Bourbonnais, R., Paice, M.G., Freiermuth, B., Bodie, E. and
Borneman, S. (1997) Reactivities of various mediators and
laccases with kraft pulp and lignin model compounds. Applied and Environmental Microbology 63(12), 4627-4632.
[12] Johannes, C. and Majcherczyk, A. (2000) Natural mediators
in the oxidation of polycyclic aromatic hydrocarbons by laccase mediator systems. Applied and Environmental Microbology 66(22), 524-528.
[13] Wang, L., Chen, W.S., Wu, H.Y., Xu, Q., Wu, Q. and Ren,
D.J. (2012) Study on degradation of indole in wastewater by
laccase / ABTS mediator system. Environmental Science and
Technology (CHN) 35(10), 44-47.

[25] Stanescu, M.D., Gavrilas, S., Ludwig, R., Haltrich, D. and
Lozinsky, V.I. (2012) Preparation of immobilized Trametes
pubescens laccase on a cryogel-type polymeric carrier and
application of the biocatalyst to apple juice phenolic compounds oxidation. European Food Research and Technology
234, 655-662.
[26] Hu, M.R., Chao, Y.P., Zhang, G.Q., Xue, Z.Q. and Qian, S.J.
(2009) Laccase-mediator system in the decolorization of different types of recalcitrant dye. Journal of Industrial Microbiology and Biotechnology 36, 45-51.
[27] Liu, Y.X., Yan, K.L., Xiong, Z., Wu, H.J. and Zhang, X.Y.
(2008) Experimental study on decolorizing malachite-green
in laccase-mediator System. Environmental Science and
Technology (CHN) 31(7), 37-49.
[28] Morozova, O.V., Shumakovich, G.P., Gorbacheva, M.A.,
Shleev, S.V. and Yaropolov, A.I. (2007) “Blue” laccases. Biochemistry (Moscow) 72, 1136-1150.

[14] Cañas, A. and Camarero, S. (2010) Laccases and their natural
mediators: Biotechnological tools for sustainable eco-friendly
processes. Biotechnology Advances 28(6), 694-705.
[15] Majcherczyk, A., Johannes, C. and Huttermann, A. (1999)
Oxidation of aromatic alcohols by laccase from Trametes
versicolor mediated by the 2, 2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) cation radical and dication.
Applied Microbiology and Biotechnology 51(2), 267-276.
[16] Kurniawati, S. and Nicell, J.A. (2007) Efficacy of mediators
for enhancing the laccase-catalyzed oxidation of aqueous
phenol. Enzyme and Microbial Technology 41, 353-361.
[17] Xu, F. (2001) Dioxygen reactivity of laccase. Applied Biochemistry and Biotechnology 95(2), 125-133.
[18] Shumakovich, G.P., Shleev, S.V., Morozova, O.V., Khohlov,
P.S. Gazaryan, I.G and Yaropolov, A.I (2006) Electrochemistry and kinetics of fungal laccase mediators. Bioelectrochemistry 69(1), 16-24.
[19] Farneth, W.E., Diner, B.A., Gierke, T.D. and D’Amore, M.B.
(2005) Current densities from electrocatalytic oxygen reduction in laccase / ABTS solutions. Journal of Electroanalytical
Chemistry 581(2), 190-196.
[20] Dubé, E., Shareck, F., Hurtubise, Y., Beauregard, M. and
Daneault, C. (2008) Decolourization of recalcitrant dyes with
a laccase from Streptomyces coelicolor under alkaline conditions. Journal of Industrial Microbiology & Biotechnology
35(10), 1123-1129.
[21] Calcaterra, A., Galli, C. and Gentili, P. (2008) Phenolic compounds as likely natural mediators of laccase: A mechanistic
assessment. Journal of Molecular Catalysis B: Enzymatic 51,
118-120.
[22] Díaz-González, M., Vidal, T., and Tzanko, T. (2011) Phenolic compounds as enhancers in enzymatic and electrochemical
oxidation of veratryl alcohol and lignins. Applied Microbiology and Biotechnology 89(6), 1693-1700.
[23] Camarero, S., Ibarra, D., Martı́nez, A.T., Romero, J., Gutiérrez, A., and del Rı́o, J.C. (2007) Paper pulp delignification
using laccase and natural mediators. Enzyme and Microbial
Technology 40(5), 1264-1271.
[24] d'Acunzo, F. and Galli, C. (2003) First evidence of catalytic
mediation by phenolic compounds in the laccase-induced oxidation of lignin models. European Journal of Biochemistry
270(17), 3634-3640.

2958

Received: March 04, 2013
Revised: May 06, 2013
Accepted: May 14, 2013

CORRESPONDING AUTHOR
Dajun Ren
College of Resource and Environmental Engineering
Wuhan University of Science and Technology
Wuhan, 430081
P. R. CHINA
Phone: +86-27-6886-2029
Fax: +86-27-6886-2029
E-mail: dj_ren@163.com
FEB/ Vol 22/ No 10/ 2013 – pages 2937 – 2942

© by PSP Volume 22 – No 10. 2013

Fresenius Environmental Bulletin

WATER EROSION ASSESSMENT IN SKIATHOS ISLAND
USING THE GAVRILOVIĆ METHOD
Miltiadis Dalaris1, Aris Psilovikos1,*, Marios Sapountzis2 and Panagiotis Mourtzios1
1

Department of Ichthyology & Aquatic Environment, School of Agricultural
Sciences, University of Thessaly, Fytoko St., 38446, N. Ionia Magnisias, Greece
2
School of Forestry & Natural Environment, Aristotle University of Thessaloniki, 54121, Thessaloniki, Greece

ABSTRACT

1. INTRODUCTION

This project deals with the application of the Gavrilović
method simulating the erosion processes in small catchments. The study area is Skiathos, a Greek island, which
is situated in the region of Thessaly and belongs to the
“Northern Sporades” complex. Skiathos is characterized
by intensive touristic activities and has historical and
environmental interests. The purpose of this study is to
apply the Gavrilović method so as to determine erosion in
Skiathos, providing quantitative data. The Gavrilović method
takes into account several factors like geology, geomorphology, soil, climatic condition (temperature and rainfall), and
land-uses according to Corine 2000. The method finally
computes the erosion in terms of volume per year W
[m3/y] and volume per year and area W/F [m3/y/km2] for
each one of the studied catchments. It was found, for the
2nd, 3rd and 4th order sub-catchments, the mean values of W
were equal to 66.76 m3/y, 226.99 m3/y, and 624.89 m3/y,
respectively. More detailed information is the computation
of the ratio W/F. For the 2nd, 3rd and 4th order subcatchments, the values of 229.383 m3/y/km 2, 195.085
m 3/y/km 2 and 158.571 m3/y/km2 were found, respectively. Although the magnitude of W is greater in the high order
sub-catchments, the ratio W/F is greater in the low order
catchments, meaning that the erosion processes are more
intense in the low order sub-catchments. These results are
compared with other similar areas of the Aegean Sea.
Further research could contain more detailed comparison
with other areas of the Mediterranean, application of other
similar erosion models and erosion monitoring programs.

KEYWORDS: Water erosion, Gavrilović method, sustainable
water resources management, Skiathos island, GIS, CORINE,
geomorphology

* Corresponding author

Soil erosion is a phenomenon depending on both natural and anthropogenic factors. The erosion processes due to
natural factors according to the Gavrilović method [1, 2]
are affected by land erodibility, land-cover, geomorphologic, aggressive climatic – temperature fluctuations, and
rainfall – and geologic factors which occur throughout the
continental part of the earth.
The need for prediction and estimation of the erosion
and sediment transport processes leads to the development of models of different degree of accuracy and complicity [3, 4]. This necessity rose due to a) the severe
impacts of erosion processes in hydraulic works, mainly
depositions in reservoirs and dams, b) the detection of areas
which are suffering from erosion, and c) the confrontation
of such problems [5].
In this paper, the Gavrilović model is used for the determination of erosion processes in Skiathos island. This
model is an empirical, deterministic, parametric distributed model for the description of the erosion severity and the
computation of the sediment volume per year W (m3/y),
and per year and area W/F (m3/y/km2), in watershed level.
Firstly, the model had been developed by Gavrilović
[1, 2] and has been used successfully in the Former Yugoslavian Republic for 40 years. Gavrilović presented the
“Erosion Potential Methodology” – EPM of estimating
the erosion probability, based on the erosion coefficient Z.
Using this coefficient Z, the erosion in the watersheds is
categorized and the high risk watershed areas are determined. Other works that have been based on Gavrilović
method are: 1) the erosion map of Serbia [6], 2) the recent
changes of the erosion intensity in areas of Serbia and
F.Y.R.O.M. [7], and 3) the assessment of soil erosion and
sediment yield changes using erosion potential model for
Bosnia and Herzegovina [8]. Gavrilović, also, [2] improved
the algorithm, by creating a series of coefficients for the
data processing and model formulation. Globevnik et al.
[9] applied the Gavrilović method in erosion prediction in
ungauged stations, using spatial data manipulation techniques in GIS environment. Milevski et al. [10] used the
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3’’ SRTM DEM for morphometric analysis and proceeded to a correlation of geology with Y value of the Gavrilović method. According to Myronidis [11], the Gavrilović algorithm has been applied not only in estimating
erosion processes but also in determining all the appropriate measures to confront such phenomena. Mark [12]
used a Geographic Database and GIS applications to
analyze the coastal environmental of the SE Sardinia in
his PhD thesis. Zorn & Komac [13] studied the erosion
processes and changes in the Upper Soca Valley in Julian
Alps, Western Slovenia, during the last two centuries.
Myronidis et al. [14] used the USLE method on Cassandra Peninsula, Greece, for the determination of the erosion risk in burned areas. Amini et al. [15] used the EPM
method to estimate erosion and sediment yield in Ekbatan
Dam catchment, Iran, using GIS.
2. MATERIALS AND METHODS
2.1 Methodology

The Gavrilović [1, 2] method determines the mean annual erosion or soil degradation in the hydrographic network of mountainous watersheds. Several managerial practices have been developed for the protection of the erosion,
mainly in forests, streams and torrents. The method includes a distributed parametric model which is used for
the estimation of the rates of soil erosion W (m3/y) and
W/F (m3/y/km2). This method takes into account the parameters below, which the erosion depends on, such as: a)
geology, b) soil, c) topographic characteristics, d) climatic
factors, such as mean annual rainfall and mean annual
temperature, and e) land uses.
The governing equation of Gavrilović model, is given
below:

W = T ⋅ H ⋅π ⋅

( Ζ )⋅ F
3

(1)

where, W id the mean annual soil erosion (m3/y), Τ is
the temperature coefficient, calculated as follows:
⎛ t o
⎞
T = ⎜⎜ + 0,1⎟⎟
⎝ 10
⎠

(2)

where, tο is the mean annual temperature (°C), H is
the mean annual rate of rainfall (mm/y), and Z is the coefficient of erosion calculated as follows:

(

Ζ =Y ⋅ X ⋅ ϕ + J

)

(3)

where, X is the land cover coefficient, as a mean
weighted value, obtained by the linear combination of the
“Χi” coefficients for each one of the “i” sub-areas that
contribute with a subarea of “Pi” each, in the total area of
“P”. After the computation, the mean weighted value X
for the total area is obtained, using the formula below [14]:

X = P1 ⋅ X1 + P2 ⋅ X 2 + P3 ⋅ X 3 + ... + Pn ⋅ X n

the mean slope (%) of the catchment area, and F is the
catchment’s area (km2) [16].
The Gavrilović method [1, 2] not only estimates the
mean annual soil erosion (m3/y), but can also characterize
the degree of erosion of each one of the sub-catchments.
According to this method [1], five categories of erosion
are corresponding with five ranges of Z values. The mean
value of the EPM erosion coefficient Z for the catchment’s area is the basic value for all EPM calculations.
Finally, the mean temperature Ts for every subcatchment, is calculated by the formula [18]:

Ts = Tw - α ⋅ (zs - zw)

(5)

where, Τs is mean temperature of catchment area
[oC], Τς is mean temperature of weather station “w” [oC],
α is temperature gradient, zs is mean weighted altitude of
catchment area [m], and zw is altitude of weather station
“w” [m].
For the implementation of the present study, two
topographic maps of the Hellenic Military Geographical
Service (HMGS) [19] were used, one geologic map of the
Institute of Geology & Mineral Exploration (IGME) [20],
and two soil maps of the Forest Service of Greece [21], in
1:50.000 scale. Case studies in other countries have taken
into account officially digitized soil erosion maps of the
United Nations [22, 23] to correlate the severity of erosion with the φ coefficient of Gavrilović method [1].
ArcGIS 9.3 software was used for the digital processing of the maps, and Skiathos Island was found to
have a total area of 47.13 Km2 and a perimeter of 51.78
km.
The meteorological data of the Hellenic National Meteorological Service (EMY) were obtained from the meteorological station in Skiathos airport. The mean annual
rainfall for Skiathos is equal to 706.28 mm and the mean
annual temperature to 17.03 °C [24]. The rainfall gradient
for Prefecture of Magnesia (region of Thessaly), where
Skiathos is located (Fig. 1), was obtained from previous
studies [25]. The temperature gradient was calculated
after the processing of EMY’s data for the meteorological
stations of “Aghialos”, “Skiathos”, “Skopelos” and the
Ministry of Environment and Climate Change data of
“Skopia” meteorological station.
After data processing, the following thematic maps
have been obtained:
a) The catchments of 2nd, 3rd and 4th order of Skiathos
hydrographic network (Figs. 2, 3 and 4, respectively)
b) The DEM of Skiathos relief with the range of
slopes, using the 3D Analyst in ArcGIS 9.3 (Fig. 5)
c) The rainfall and temperature spatial distribution
maps in Skiathos, using the rainfall gradient (Fig. 6) and
the temperature gradient (Fig. 7), in 3D Analyst

(4)

where, Y is the soil erodibility coefficient, φis the
erosion and stream network development coefficient, J is
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d) The digitized geological map of Skiathos (Fig. 8)
e) The digitized soil map of Skiathos (Fig. 9)
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f) The CORINE 2000 [26] and land-cover map of
Skiathos (Fig. 10)

Hellas
Skiathos
Hellas
Hellas

Hellas
FIGURE 1 - Skiathos Island in the Hellenic territory.

In every separate sub-catchment of the total sum of
the 2nd, 3rd and 4th order catchments, the mean value of
Gavrilović coefficient Z was used for the parameters of
slope, vegetation, geology and climatic factors (temperature and rainfall) taking into account the mean altitude for
each sub-catchment.
2.2 Case study

As it has already been mentioned, Skiathos Island
was selected as a case study for the application of the
Gavrilović method. It is one of the most famous touristic
destinations in Greece. Skiathos Island is a small island,
geographically located in the Aegean Sea. It belongs to the
region of Thessaly and consists of a complex of 3 major
islands called “Northern Sporades” (Skiathos, Skopelos,
Alonissos). The island’s name comes from the ancient
times. Despite its small size and area, Skiathos is emerging
as a very popular tourist destination containing 60 sandy
beaches scattered along the coast. Geographically, the island
has an elongated diamond shape with direction from southwest to northeast. The longest diagonal of the island has a
length of 12 km and the mean diagonal is at 6 km.
Along the coast, numerous small gulfs and peninsulas
of geological and ecological interest are listed. In the west
side, due to the coastal forest of Pinus pinea, the wetland
of “Koukounaries” is located which has ecological and
historical interest too. Much of the island area is characterized by woodland. According to the analysis of Corine
Database [26], most of the land covered areas of the island consisted of coniferous forest, olive grooves, mixed
forest, sclerophylous vegetation, and broad-leaved forest.

The highest altitude of the island is called Kobia and
has a height of 429 m. According to Koppen – Geigger
climatic classification [27], Skiathos Island is classified in
Csa category, having a typically Mediterranean climate
with generally mild winter and cool summer. The rainfall
during July and August is rare and the temperature often
exceeds 30 °C. The geomorphology of Skiathos is a result
of its structure and the endogenous and exogenous processes which affect the shape of its relief. It is determined
by elongated hills and by a series of narrow gorges [28].
According to the Strahler’s method [29], the catchments of the hydrographic network were classified into 1st,
2nd, 3rd and 4th order. The geological formations of Skiathos
consisted of mica-schists and crystalline basement, and the
plain areas are mostly characterized by alluvial deposits.
For the implementation of this study, official topographic, meteorological, geologic and soil maps were
used from the Hellenic Agencies and international Corine
maps from the homonymous database. Through GIS software and the application of the Gavrilović method, the
results of erosion were obtained in a series of maps and
the precise quantity of erosion in terms of volume per
year, W [m3/y], and volume per year and area, W/F
[m3/y/km2], for the island’s catchments. It is a priority for
Skiathos Island to be protected from the erosion phenomenon which represents a serious environmental hazard for
people lives and properties.
3. RESULTS
The research was based on the major points below:
•
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Island (Fig. 2) took place according to Strahler [29].
•

The whole island is divided to 2nd, 3rd and 4th order of
catchments (Figs. 3, 4 and 5, respectively) [30]. All
the maps for Skiathos Island were digitized using
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FIGURE 2 - Strahler classification of hydrographic network in
Skiathos.

FIGURE 3 - Catchments of 2nd order in Skiathos.

FIGURE 4 - Catchments of 3rd order in Skiathos.

FIGURE 5 - Catchments of 4th order in Skiathos.

FIGURE 6 - Skiathos DEM.

FIGURE 7 - Skiathos rainfall map.
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FIGURE 8 - Skiathos temperature map.

FIGURE 9 - Digitized geological map of Skiathos [20].

FIGURE 10 - Digitized soil map of Skiathos [21].

FIGURE 11 - Corine land-cover map of Skiathos [26].

ArcMap 9.3, and the topographic maps of HMGS
[19] were used as a digital background.
•

Using 3D Analyst, the thematic maps of a) DEM of
Skiathos with the relief slopes (Fig. 6), b) rainfall
spatial distribution (Fig. 7), and c) temperature spatial
distribution (Fig. 8) have been derived. The Digital
Elevation Models of the thematic maps are based on

digitization of topographic map of HMGS [19], and
its spatial resolution is estimated to 44 m.
•

The thematic maps of geology (Fig. 9), soil (Fig. 10),
and land uses (Fig. 11), using CORINE 2000 database
[26], have been obtained for Skiathos island.

•

The land-cover coefficient X, the soil erodibility
coefficient Y, and the erosion and stream network
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development coefficient φ are computed for the case
study of Skiathos, and are given below in Tables 1, 2
and 3, respectively. The value of Cod 313 “Mixed
Forest” was chosen equal to 0.05 according to
bibliography.

to Gavrilović, showed that most of the catchments are
classified to the categories of “slight” (0.2 < Z < 0.4) and
“medium” (0.41 < Z < 0.7) erosion. The range of Z values
was found to be wider for the low order catchments, and
was gradually getting narrow for the high order catchments. Specifically:
i. In the 2nd order catchments, Z value was estimated
from 0.05 to 0.836 (Fig. 12)
ii. In the 3rd order catchments, from 0.123 to 0.644
(Fig. 13) and

• After the determination of X, Y and φ coefficients of
Gavrilović model for Skiathos island, 9 thematic maps
of the parameters of Z, W and W/F were derived, for
each one of the 2nd, 3rd and 4th order of catchments
respectively.
The results for the erosion, concerning on Z coefficient and the characterization of the catchments according

In the 4th order catchments, from 0.269 to 0.462
(Fig. 14)

•

TABLE 1 - Correlation of CORINE land uses with land cover coefficient X [31].
Code
112

CORINE land uses for Skiathos
Discontinuous urban fabric

X values
1.0

124
223
242

Airports
Olive groves
Complex cultivation patterns

1.0
0.8
0.8

243
311

Land principally occupied by agriculture, with significant areas of natural vegetation
Broad-leaved forest

0.8
0.05

312
313
321

Coniferous forest
Mixed forest
Natural grassland

0.2
0.05
0.6

323
324
333

Sclerophyllous vegetation
Transitional woodland-shrub
Sparsely vegetated areas

0.3
0.5
0.8

TABLE 2 - Correlation of geology with soil erodibility coefficient Y [7].
Scientific termination

Symbol

Y values

Serpentinites
Mica schists
Marbles

σ
sch.mi
TmJmr

1.1
1.2
0.3

Crystalline basement
Limestones
Recrystallized limestones to marbles

Pz.gn.sch
K2 k
K.mr

1.0
0.3
0.4

Alluvial deposits

al

1.7

TABLE 3 - Correlation of type of erosion with erosion and stream network develoment coefficient φ [1, 21, 24].
Type and extent of erosion

Erosion grades in soil map [19]

1. Little erosion on watershed
2. Erosion in waterways on 20–50% of the catchment area
3. Erosion in rivers, gullies and alluvial deposits, karstic erosion
4. 50–80% of catchment area affected by surface erosion and landslides
5. Whole watershed affected by erosion
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A. None
B. None and moderate
C. None and strong
D. Moderate and none
Ε. Moderate
F. Moderate and severe
G. Strong and none
H. Severe and moderate
I. Strong
J. Strong

φ values
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Scale of
soil map
1
2
3
4
5
6
7
8
9
9
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FIGURE 12 - Z coefficient for 2nd order catchments.

FIGURE 13 -Z coefficient for 3rd Order catchments

FIGURE 14 - Z coefficient for 4th order catchments.

FIGURE 15 - Annual erosion W (m3/y) in 2nd order catchments.

FIGURE 16 - Annual erosion W (m3/y) in 3rd order catchments.
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FIGURE 17 - Annual erosion W (m3/y) in 4th order catchments.

FIGURE 18 - Annual erosion per unit area W/F (m3/y/km2)
in 2nd order catchments.

FIGURE 19 - Annual erosion per unit area W/F (m3/y/km2) in 3rd
order catchments.

FIGURE 20 - Annual erosion per unit area W/F (m3/y/km2) in 4th
order catchments.

The results concerning on W showed the quantity of
the erosion, for each one of the sub-catchments, in terms
of volume per year [m 3/y]. So, in 2nd, 3rd and 4th order
catchments, the mean values are 66.76 (Fig. 15), 226.99
(Fig. 16) and 624.89 m3/y (Fig. 17), respectively. These
magnitudes show the total volume of the erosion per year,
without any information per unit area. This question is
answered by computing the ratio W/F, where F is the
catchment area [km2], indicating the “volume per year per
unit area” [m3/y/km2], for each one of the three categories
of the sub-catchments [24]. This ratio W/F was found to be
equal to
i.
229.383 m3/y/km2 , for the 2nd order catchments
(Fig. 18)
ii. 195.085 m 3/y/km 2, for the 3rd order catchments
(Fig. 19) and

158.571 m 3/y/km 2, for the 4th order catchments
(Fig. 20).
So, it is obvious that this ratio is higher in the 2nd order catchments compared with the 3rd order ones, and
even more with the 4th order ones. This can be explained
by the fact that, in the lower order catchments, the hydrographic network is quite younger and steep slopes are
met, with regard to the higher order catchments where the
erosion phenomena are smoother [32].
iii.

4. DISCUSSION AND CONCLUSIONS
This study is focused on the Gavrilović model, which
is an empirical, deterministic, parametric distributed model
and has been applied successfully in several areas, espe-
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cially in the Balkan Peninsula like Former Yugoslavia
Republic, Greece and other countries like Italy, Slovenia
and Iran. After a brief review of such studies, the aforementioned model seemed to be an integrated algorithm concerning on the analysis of the parameters that contribute
to soil erosion in catchments.
As a case study, Skiathos island was chosen, which is
situated in Thessaly region, prefecture of Magnesia, in the
complex of Northern Sporades Islands. Skiathos is one of
the most popular touristic destinations in Greece, and is
also of environmental and historical interest.
The application of Gavrilović model occurred in the
steps below:
• Numbering of the hydrographic network
• Determination of the 2nd, 3rd and 4th orders of
catchments
• Thematic maps of a) Skiathos relief – DEM, b) rainfall,
and c) temperature spatial distribution
• The thematic maps of a) geology, b) soil, and c) land
uses
• Computation of X, Y and φ coefficients
• Computation of Z coefficient, total annual volume of
erosion W [m3/y], and per unit area W/F [m3/y/km2].
The results concerning on the erosion severity, taking
into account Z coefficient, indicate that most of the
catchments are characterized by slight (0.2 < Z < 0.4) to
medium (0.41 < Z < 0.7) erosion.
The erosion volume per year per area, [W/F], showed
that, in the 2nd order catchments, the values of erosion
were found to be greater (229.383 m3/y/km2) than the
corresponding ones of the 3rd (195.085 m3/y/km2) and 4th
(158.571 m3/y/km2) order catchments.
This fact indicates that, in the case study of Skiathos,
low order catchments, where the slopes of the surface
relief are steep and the hydrographic network is in young
stage, erosion is characterized as “medium” and “heavy”,
and it is greater than in the higher order (3rd and 4th)
catchments. On the other hand, in the higher order catchments, where the hydrographic network reaches the estuaries, slopes are milder, the erosion is characterized as
“slight” and “medium”, and sediment deposition processes occurred. Similar results have been obtained for Samos
– the Island of Pythagoras – a very interesting case study
in the eastern side of the Aegean Sea, just 1200 m from
the Turkish coastline [30]. Another interesting case study
is the erosion of Kassandra Peninsula – Chalkidiki – in
Northern Greece. The case study of Kassandra has very
similar, almost identical, geological, geomorphological,
climatic, vegetational and soil characteristics with Skiathos
Island, and represents another famous touristic destination
too. It is very close to Skiathos, less than 100 km of distance on a straight line, and had suffered from extreme
fire episodes in the summer of 2006 [14]. For the case
study of Kassandra, it was found that the erosion potential
is equal to 280 t/year pre-fire/km2/, 2950 t/year post-

fire/km2 and, finally, 2130 t/year after rehabilitation/km2.
In this case study, the USLE method was used and the W
values of pre-fire are considered to be comparable to the
respective ones of Skiathos.
The identification of areas that are vulnerable to soil
erosion and the determination of the coefficients and the
erosion volumes, according to Gavrilović method, can be
helpful for developing measures to keep the problem under
control. All the thematic maps provided, can support the
implementation of the integrated soil and water resources
management as a useful tool for the local authorities.
Gavrilović method can be successfully applied in
other areas of the Hellenic territory, where soil erosion
problems occur due to the rough geomorphology, bringing together serious impacts on land and water resources
degradation. It is very difficult to prevent the erosion
processes but, at least, they could be reduced drastically
with the implementation of a) integrated management plans
for water and soil resources, b) appropriate engineering
works like hydraulic works, reforestations and small dams
in the mountainous catchments, against erosion phenomena, where the problem is more acute and severe than in
the lowlands.
Further research should contain:
a) Detailed comparison of the case study of Skiathos
Island with other case studies in the Mediterranean, South
Europe and Middle East regions,
b) application of other erosion models,
c) record of primary field data obtained by erosion
monitoring programs,
d) calibration of the models with the field data, and
e) implementation of erosion management strategies
in areas which are suffering from such hazards.
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ABSTRACT
The technology of using metallic iron (Fe0) particles
for water treatment is now 20 years old. In it original form,
millimetre (mm Fe0) and micrometer (µm Fe0) particles
were used. This conventional material has been modified
for efficiency improvement. Relevant modifications included: (i) reducing the particle size down to nanodimensions (nm Fe0), (ii) alloying Fe0 with a second/
third metallic element to generate bimetallic/trimetallic
systems (e.g. Fe0/Pd0), (iii) mixing conventional Fe0 with
redox-active components like granular activated carbon,
MnO2, Fe3O4, (iv) adding external FeII to Fe0/H2O systems, and (v) using some combinations of tools (i) though
(iv) (e.g. FeII/Fe3O4/Fe0, nano Fe0/Pd0). Other metallic
elements (e.g. Al0, Mg0, Zn0) have also been tested. A
critical look behind the mechanism of involved processes
in Fe0/H2O systems reveals that made modifications accelerate iron corrosion, and thus the production of secondary reducing agents (FeII, H/H2). The net result is that
the electrochemical Fe0 corrosion is not necessarily simultaneous to well-documented contaminant reduction. The
research community has not yet considered this evidence as
Fe0 is still presented as an environmental reducing agent.
The present article clarifies this key issue.

KEYWORDS: Intrinsic reactivity, Iron filters, Paradigm shift,
Zerovalent iron.

1 INTRODUCTION
Elemental iron (Fe0) technology for water treatment
has been intensively investigated during the past two decades as a means to remediate groundwater [1,2], treat
wastewater [3] and/or to produce safe drinking water [4-6].
Given the large spectrum of biological and chemical contaminants that has been reported to be treated by Fe0/H2O
systems, the Fe0 technology has the potential to be universally used for water treatment [7]. All is needed is a demand
* Corresponding author

oriented design. Such appropriate designs can only be
based on the profound understanding of processes yielding contaminant removal in Fe0/H2O systems.
It has been postulated that there may well be common
underlying processes that provide a confidence for nonsite-specific design of efficient Fe0/H2O systems. If these
underlying processes are identified, site-specific studies
may just be necessary to fine-tune design criteria for the
optimal performance ([8] and refs. cited therein). It is not
likely, that the prevailing paradigm considering Fe0 as a
reducing agent would be able to identify the ‘common
underlying processes’ as these should be related to reductive transformations. However, beside some reducible
species (e.g. tested chlorinated solvents, dissolved nutrients, heavy metals, nitro-aromatic compounds, petroleum
hydrocarbons) [9], non reducible species (bacteria, dichloromethane, triazoles, viruses, ZnII) [10-13] have been
quantitatively removed as well. Moreover, species proven
to be not treatable by Fe0 (e.g. 1,2-dichloroethane, dichloromethane) could be removed in Fe0 filtration systems [12]. Accordingly, chemical reductive transformations may not be as important for contaminant removal
as currently considered.
The view that Fe0 is not an environmental reducing
agent has been introduced in the international literature
six years ago [14] but has been mostly rejected or ignored
[15, 16]. Noubactep [14, 17] regards Fe0 as a generator of
(i) secondary reducing agents (e.g. FeII, H/H2, green rust)
and (ii) adsorbing agents (iron oxides and hydroxides).
During their precipitation, iron oxides and hydroxides
enmesh available contaminant (co-precipitation). Researchers favouring the prevailing paradigm seem to have lost
interest in debating scientific issues. Arguments against the
alternative view include the three following: (i) “it appears
in ‘low impact journal’” (mostly from reviewers), (ii) “the
role of the direct electron transfer in Fe0-mediated reactions is well established and generally accepted among the
research community” [18], and (iii) “the nonsequiters in
Noubactep’s contributions are so pervasive that it is difficult to ascertain which parts have merit” [19].
A constant argument against the view that contaminants are removed in Fe0/H2O systems by adsorption, coprecipitation and size exclusion has been that it is not
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likely that organic species will co-precipitate with iron
oxides in the same manner like metallic ions. However,
this view is alien to organic geochemistry [20] and to electro-coagulation [21,22]. In particular, electro-coagulation
using Fe0 as anode has been extensively used for the treatment of wastewater from various industrial plants [23].
The present article aims at confirming the universal
validity of the adsorption/co-precipitation model for contaminant removal in Fe0/H2O systems. For this purpose an
overview of the processes sustaining the three main tools
(nano-sized particles, plating and addition of redox-active
species) to improve the efficiency of conventional Fe0/H2O
systems is given
2 AQUEOUS IRON CORROSION
AND ITS ENHANCEMENT

3 Fe0 + C6H5NO2 + 6 H+ ⇒ 3 Fe2+ + C6H5NH2 + 2H2O (2)
When further considering that (i) water is the solvent,
and (ii) the surface of Fe0 is constantly covered with iron
oxides, it becomes clear that Fe0 oxidation (anodic reaction) and C6H5NO2 reduction are not necessarily simultaneous. In other words, even though C6H5NO2 is reduced
(and C6H5NH2 is produced) within the system, C6H5NO2
reduction is not the cathodic reaction coupled to Fe0 oxidation after Eq. 2. Clearly, electrons used for the reductive transformation of C6H5NO2 to C6H5NH2 are not from
the metal body (direct reduction). The next important issue
regards the removal of C6H5NH2, assuming quantitative reduction. C6H5NH2 is better biodegradable in nature but
should not be present in drinking water. Also for
wastewater treatment a considerable amount of C6H5NH2
should be removed from the aqueous phase. Relevant removal mechanisms are adsorption, co-precipitation and
size-exclusion [14-17].

2.1 Aqueous iron corrosion

Fe0 is an electron donor or a reducing agent. Suitable
electron acceptors included water (H2O or H+) and oxygen
(O2). For simplifications, the presentation herein assumes
total absence of O2 (strictly anoxic conditions). Under
such conditions, Fe0 is oxidized by water (the solvent) and
relevant contaminants. The electrode potential of the electrochemical reaction involving the oxidizing agent should
be larger than that of Fe0 (E0 > -0.44 V).
Equation 1 describes the oxidation of Fe0 by water. A
key feature of this reaction is that Fe0 oxidation and H+
reduction are simultaneous anodic and cathodic processes
[24]. The anodic reaction corresponds to the oxidation of
Fe0 to Fe2+. Fe2+ is released into the aqueous solution
while the electron is transported from the anodic region to
the cathodic region through the metal body.
Fe0 + 2 H+ ⇒ Fe2+ + H2

(1)

Another key feature from Eq. 1 is that reaction products (Fe2+ and H2) are both reducing agents for many
contaminants (E0 > 0.00 V for H2 and E0 > 0.77 V for
Fe2+). Moreover, when both reducing agents are adsorbed
onto the surface of nascent iron (hydr)oxides, their reducing capacity is considerably improved [25,26]. In other
words, the oxidation of one mole Fe0, produces one mole
of Fe2+ and one mole of H2. One mole of Fe2+ can donate
one mole of electrons to yield one mole of Fe3+, while one
mole of H2 can donate two moles of electrons to yield one
mole of H2O. Thus, the oxidation of one mole of Fe0 by
water potentially releases five moles of electrons. These
electrons are available for the reduction of all relevant
oxidizing agents, for example nitrobenzenes.
For the sake of clarity, the reaction currently given to
rationalize the observed reduction of nitrobenzene is given by Eq. 2. Accordingly, 3 moles for Fe0, releasing 6
electrons in total are necessary to reduce one mole of
C6H5NO2. The discussion of Eq. 1 suggests that if the
electron efficient is 100 % [27] then the 6 electrons could
result from the oxidation of only 1.2 moles of Fe0 atom.

2.2 Accelerating iron corrosion

From the presentation above and Eq. 1, it appears that
there are basically two major inter-dependant ways to accelerate Fe0 oxidative dissolution [28]: (i) facilitating the
transport of Fe2+ into the aqueous solution (path 1), (ii)
facilitating the electron transport from anodic to cathodic
regions (path 2). Path 1 is achieved by increasing the ionic
conductivity of the aqueous solution. Practically, the presence of conductive ions will increase the kinetics of iron
corrosion and thus the kinetics of the production of Fe2+
and H2 (potentially 6 moles of electrons per mole Fe0).
Path 2 can be achieved by increasing the number of electrochemical cells by several different ways: reducing the
size of Fe0, properly alloying Fe0, and admixing Fe0 with
redox-active species (granular activated carbon, MnO2,
other metals). Using other metallic elements has also been
tested as an alternative to Fe0 [29]. The operating mode of
individual tools will be briefly addressed in the following.
0

2.2.1 Nanosized metallic iron (nano-Fe )

The contemporary knowledge on nano-Fe0 efficiency
for subsurface remediation is summarized in some recent
review articles [30,31]. For the purpose of this article, it is
sufficient to state that nano-Fe0 corrodes exactly like described in Eq. 1. The sole difference is the considerably
rapid kinetic of the reaction. However, this rapid oxidation kinetic is coupled to a short service life as small particles are rapidly exhausted/passivated.
0

0

2.2.2 Alloying metallic iron (Me /Fe )

The contemporary knowledge on the efficiency of
bimetallic systems for environmental remediation and
water treatment has been challenged 3 year ago [32] but
has been mostly ignored. Only the research group of Dr.
Ghauch has properly considered the made criticisms [33,
34]. Their results confirmed the view that plating Fe0 accelerated Eq. 1, yielding H/H2 and FeII for indirect contaminant reduction. In other words, bimetallic and trimetallic
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systems operate exactly like monometallic systems. The
sole difference is that the rate of production of reductive
species is increased by the higher number of electrochemical cells.
0

oxidation states of Fe (II and III) and the differences in the
crystal structure of Fe0 and various Fe hydroxides (Fe(OH)2,
Fe(OH)3) and Fe oxides (Fe3O4, Fe2O3, FeOO) [45]. The
rationale for the long term efficiency of Zn0 has not yet
been presented in the remediation literature.

2.2.3 Admixing Fe with redox-active species

Fe0 particles and granular activated carbon (GAC) are
conventionally used as electrolytic materials for microelectrolysis systems (Fe0/GAC systems). GAC acts as a
cathode to increase the current efficiency ([35] and refs. cited
therein). In a similar way, particles/chips of other metal (e.g.
Al, Cu), particles/pellets of conductive metal oxides (MnO2,
TiO2) are also used as cathode because of their conductance as mean to sustain Fe0 corrosion (Eq. 1). When a Fe0/
GAC, Fe0/MnO2 or Fe0/TiO2 mixture is immersed in water,
numerous macroscopic galvanic cells are formed between
Fe0 and the additives. These galvanic cells act as relay for
the numerous microscopic galvanic cells present inside of
Fe0 [36]. The electrons are supplied from the galvanic corrosion of Fe0 (anode) (Eq. 1).
It is clear from the presentation above that organic pollutants (e.g. nitrobenzene - C6H5NO2) can be reduced by
radicals such as free hydrogen [H], molecular hydrogen
(H2) or ferrous species (FeII) produced from electrode
action [35-38]. In other words, rationalizing nitrobenzene
reduction in such systems with an electrochemical reaction similar to Eq. 2 is an absurdity. In using individual
additives, their potential electrostatic interactions with relevant contaminants must be properly considered. The pH is
an important parameter which can modify the surface
charge of individual additives [39].
2.2.4 Adding external Fe

3 CONCLUDING REMARKS
The arguments sustaining the concept that metallic iron
(Fe0) is an environmental reducing agent are collectively
proven false in this communication. The original purpose
of introducing Fe0 in subsurface permeable reactive barriers was to induce contaminant removal. Observed contaminant removal was then mistakenly attributed to direct
reduction because of the low redox potential of the redox
couple FeII/Fe0 (E0 = -0.44 V). However, contaminant reduction has never been reported as stand alone mechanism
of micro-pollutants. In other words, even reduced species
have to be removed from the aqueous phase.
Although the research community was (and partly is
still) not willing to recognize the validity of the concept
that Fe0 is a generator of reductive (H/H2) and adsorptive
(Fe oxides) species, a sound concept for decentralized water
treatment on Fe0 bed has been presented and favourably
received worldwide. This concept regards Fe0 as “filter
aids” in sand filters. Fe0-amended sand filters are potentially
the next generation filters for small communities [5,6].
The authors have declared no conflict of interest.
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The addition of external FeII has been mostly investigated by Huang and his colleagues [40,41]. According to
Lechatelier Principle, FeII addition would disfavour Fe0
oxidation and thus contaminant reduction. However, because
quantitative contaminant reduction was reported, another
mechanism is involved. As reported elsewhere [42], a
Fe0/H2O system could be regarded as an ocean of (partly
nascent) iron corrosion products. These iron (hydr)oxides
are excellent adsorbent for FeII yield structural FeII with
demonstrated reducing capacity [25]. In other words, increased contaminant reduction by virtue of external addition of FeII is a strong argument for indirect reduction is
Fe0/H2O systems.
2.2.5 Using other metallic elements

The contemporary knowledge on using other metallic
elements (Al0, Cu0, Mg0, Ni0, Zn0) as alternatives to Fe0 is
summarized in a recent article by Bokare et al. [29]. Currently Zn0 is considered the most efficient material [29,
43, 44]. However, the long term efficiency has not been
proven.
The long term efficiency of iron is due to the fact that
oxide scales on Fe0 are highly porous and not adhesive.
This property is attributed to the presence of two different
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